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CHEMICAL STUDIES OF A GOITROGENIC FACTOR 
IN RAPESEED OILMEAL! 


By Z. M. RactszEwskI,? E. Y. SPENCER,? AND L. W. TREVoy 


ABSTRACT 


The presence of 2-4 mgm. of /-5-vinyl-2-thiooxazolidone per gram of oilmeal 
from rapeseed grown in Saskatchewan was indicated by ultraviolet absorption 
measurements. Isolation of the /-5-vinyl-2-thiooxazolidone from the oilmeal 
allowed positive identification of the compound to be made by comparison of 
infrared absorption curves of the isolated naturally occurring material and of 
synthetic d,/-5-vinyl-2-thiooxazolidone. Some observations regarding procedure 
and yields in the reactions involved in the synthesis of d,J-5-vinyl-2-thio- 
oxazolidone are also included. 


The goitrogenic activity of rape and cabbage se ds when fed to rats was 
demonstrated by Hercus and Purves (8) in 1936; Kennedy and Purves (11) 
in 1941 reported that the addition of rapeseed to the diet caused thyroid 
enlargement in rats. The only antithyroid compounds that had been definitely 
isolated from plants were 5,5-dimethyl-2-thiooxazolidone (9) and thiourea (12) 
until Astwood (1) in 1949 extracted /-5-vinyl-2-thiooxazolidone (I) from 
rapeseed as well as from other brassica plants including rutabaga, turnip, 


CH; — NH 


CH, CH—CH C=S 


No’ 


I 


and cabbage. Bell (2) has recently studied growth depression in mice fed 
rapeseed oilmeal. The effect on thyroid size was not investigated and 0.1% 
iodinated casein was found to be of no value in counteracting the growth 
depressor(s) although this compound has been reported (13) to be effective 
in other species. These experiments therefore suggest either species differences 


in response to the rapeseed goitrogen or, more likely, the presence of more 


than one deleterious factor in rapeseed oilmeal. In view of the marked variation 


1 Manuscript received November 22, 1954. 
Contribution from the Department of Chemistry, University of Saskatchewan, pea arn Sask. 


2Graduate student; present address: Department of Chemistry, University of Notre Dame, 


Indiana. 
’Present address: Science Service Laboratory, London, Ontario. 
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in the quantities of chemical constituents present in plants with changes in 
geographical location and considering also the possibility of loss of /-5-vinyl-2- 
thiooxazolidone due to heating the oilmeal in the Anderson Expeller (operating 
temperature 260° F. or higher) used for removing the oil from the rapeseed, 
this work was undertaken with the object of determining whether or not 
]-5-vinyl-2-thiooxazolidone is present in oilmeal produced from Saskatchewan 
grown rapeseed. The information gained should be of value in the interpre- 
tation of the results of animal experiments where rapeseed oilmeal is used in 
the feed. 

Water extraction of rapeseed oilmeal has been shown (1, 2) to remove one 
or more deleterious factor(s) from the oilmeal and by a determination of the 
ultraviolet absorption of these aqueous extracts in the region of 240 my an 
indication both qualitative and quantitative of the presence of /-5-vinyl-2- 
thiooxazolidone may be obtained. Preliminary experiments with rapeseed 
oilmeal in this laboratory (14) demonstrated, in agreement with Astwood’s 
observations, that the precursor of a compound with an absorption maximum 
at 240 muy is present in rapeseed oilmeal and that the absorbing compound 
may be generated from its precursor by acid catalyzed hydrolysis using a 
mineral acid such as hydrochloric acid, or by enzymatic hydrolysis using 
extracts from rape or cabbage leaves, and occasionally may result from pro- 
duction of enzymes by microorganisms contaminating the oilmeal. 

Since the absorption at 240 my is characteristic of any compound possessing 
a thioncarbamate group it was necessary to establish the identity of the 
compound in rapeseed oilmeal having this absorption maximum. To this end 
a sample of rapeseed oilmeal was treated with an extract from fresh rape 
leaves and, as Astwood had observed for whole rapeseed, /-5-viny]-2-thio- 
oxazolidone was isolated and characterized by melting point and infrared 
absorption data. Having by this means established the presence of I in oilmeal 
prepared from Saskatchewan grown rapeseed, three different samples of 
rapeseed oilmeal were assayed using a spectrophotometric method (1) and 
the results are presented in Table I. These results may be compared with the 
values determined by Astwood for three varieties of rapeseed of 1.8 to 2.1 gm. 
of goitrogen per kilogram of whole rapeseed assayed. 

Laboratory syntheses were required for the preparation of both the optically 
active and the racemic modification of the goitrogen and these were accom- 
plished following the procedures of Ettlinger (4). Yields were improved when 


TABLE I 


DETERMINATION OF /-5-VINYL-2-THIOOXAZOLIDONE IN OILMEAL 
PREPARED FROM SASKATCHEWAN RAPESEED 





Rapeseed oilmeal Year oilmeal Quantity of /-5-vinyl-2-thiooxazolidone 
sample number produced in the oilmeal in gm./kgm. 
Io 1950 4.2 
IT’ 1952 2.4 


III? 1953 2.8 





*Courtesy of Prairie Vegetable Oil Company Ltd., Moose Jaw, Sask. 
’Product of Saskatchewan Wheat Pool Vegetable Oil Plant, Saskatoon, Sask., and 
prepared from a mixture of Polish and Argentine rapeseed. 
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inhibitors were added to prevent polymerization of unsaturated compounds. 
The butadiene monoxide required for the synthesis of the goitrogen was 
prepared using a procedure described by Freedman and Becker (6), which is a 
modification of the method of Kadesch (10). 

The synthesis of d,/-5-vinyl-2-thiooxazolidone provided a supply of the 
compound for study of such chemical properties as its stability when heated 
with water at 100°C. and its stability in dilute acid medium. Compounds 
having a thione group give a green coloration with Grote’s reagent (7) and 
this serves as the basis for another colorimetric method for the quantitative 
determination of the goitrogen. Using this method of analysis it was found 
that heating an aqueous solution of d,/-5-vinyl-2-thiooxazolidone at 100° C. 
for four hours resulted in a better than 90% recovery of the goitrogen. These 
results indicate that the steaming of rapeseed would have little effect on 
]-5-vinyl-2-thiooxazolidone but may have a quite different effect on the pre- 
cursor of this compound in view of the findings of Hercus and Purves (8) who 
reported beneficial results from the steam treatment of rapeseed. 


EXPERIMENTAL 


Isolation of l-5- Vinyl-2-thiooxazolidone from Rapeseed Oilmeal 

Seventy-five grams of fresh rape leaves, ground with clean Ottawa sand 
in a mortar, were added to 3 kgm. of rapeseed oilmeal (sample III in Table I) 
suspended in 12 liters of water and after stirring the mixture was allowed to 
stand for 20 hr. The solid material was then separated by straining the mixture 
through cloth and the extract after being heated to 60° C. was filtered through 
Super-cel. The yellow filtrate (volume, 5 liters) was concentrated to a thin 
sirup (volume, 1 liter) using a rotating flask evaporator (3). This concentrate 
was extracted three times with 2-liter portions of peroxide-free ether; the 
formation of stable emulsions caused some difficulty and loss in effecting these 
extractions but it was possible to break the emulsions by centrifugation and 
so to separate a clear yellow ether phase. The solvent, ether, was partially 
removed by distillation and the yellow solution was further purified (1) by 
washing with saturated sodium bicarbonate solution; after extracting the 
ether solution with 2 N sodium hydroxide the alkaline extract was neutralized 
by bubbling in carbon dioxide, the aqueous solution was extracted with ether, 
the ether was removed by evaporation, and the oil that remained was taken 
up in 50 ml. of water. 

When the water was removed by evaporation from a portion of this solution 
and the oil remaining was seeded with a crystal of synthetic /-5-vinyl-2-thio- 
oxazolidone, cooling at —10° C. for several hours caused a colorless solid to 
crystallize, m.p. 46-48° C., mixed m.p. with synthetic /-5-vinyl-2-thiooxazol- 
idone, 46-48° C. (Lit. m.p. 50°C. (1).) The oil isolated from the rapeseed 
oilmeal showed a specific rotation [a]?? —50.1° (in methanol) which may be 
compared with [a]3' —70.5° (in methanol) (1) for pure /-5-vinyl-2-thio- 
oxazolidone. The infrared absorption curve for the oil with maxima at 2.96, 
3.07, 6.01, 6.54, 6.77, 7.68, 8.53, 10.10, and 10.81 was in excellent agreement 
with the corresponding curve determined for synthetic d,/-5-vinyl-2-thio- 
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oxazolidone. (Astwood reports absorption bands at 2.92, 3.17, 6.63, 8.57, 
10.17, and 10.88 (1).) The aqueous solution of material extracted from the 
oilmeal had an absorption maximum at A = 240 my and by a comparison 
of the intensity of absorption with data for solutions of pure racemic goitrogen 
the total recovery of /-5-vinyl-2-thiooxazolidone from the oilmeal was de- 
termined to be 0.45 gm. This large scale extraction procedure was inefficient, 
when compared with the assay data presented below, but it did serve to estab- 
lish the presence of the goitrogen in the rapeseed oilmeal. 


Assay of Rapeseed Oilmeal Samples 


Ten grams of the oilmeal was mixed with 1 gm. of macerated fresh rape 
leaves* and was made up to a volume of 100 ml. with water; the mixture was 
allowed to stand for 24 hr.** The mixture was filtered, a 10 ml. aliquot of the 
filtrate was extracted with 10 ml. of ether, a 5 ml. aliquot of the ether extract 
was evaporated, and the residue was dissolved in 20 ml. distilled water. 
Optical densities for this solution were determined at 220, 240, and 260 mu 
and the optical density at 240 my was corrected for nonspecific absorption (1) 
and then was compared with absorption data for solutions of pure racemic 
goitrogen. ; 


Preparation of 3,4-Epoxy-1-butene 

A mixture of 1-chloro-3-buten-2-ol and 2-chloro-3-buten-l-ol was prepared 
by the reaction of hypochlorous acid and butadiene according to the procedure 
described by Freedman and Becker (6). The mixture of chlorohydrins, b.p. 60- 
80° C. at 30 mm. Hg, was isolated in 37% yield based on calcium hypochlorite 
used and without further purification was converted to 3,4-epoxy-1-butene 
by reaction with 50% aqueous sodium hydroxide solution. Distillation through 
an efficient fractionating column gave 3,4-epoxy-1l-butene, b.p. 64-65° C., in 
74% yield. 


Preparation of d,l-5- Vinyl-2-thiooxazolidone (4) 

Ammonolysis of 3,4-epoxy-1-butene resulted in the formation of 1-amino-3- 
buten-2-ol and 2-amino-3-buten-l-ol. These amino alcohols were separated 
by means of the fractional crystallization of the corresponding acid oxalate 
salts. When Astwood’s procedure was used for the decomposition of the 
J-amino-3-buten-2-ol acid oxalate with barium hydroxide solution and for the 
recovery of the 1-amino-3-buten-2-ol by distillation, only a 52% yield was 
realized, the remainder of the product having formed a nonvolatile polymer. 
If, however, 0.5% of pyrogallol (5) was added to the crude 1-amino-3-buten- 
2-ol prior to distillation then the vield was increased to 84%. Similarly, in the 
digestion of the lead salt of 1-amino-3-buten-2-ol dithiocarbamate to form 
d,l-5-vinyl-2-thiooxazolidone and in the subsequent purification of the latter 
the addition of 0.5% p-benzoquinone (5) served to inhibit the polymerization 


reaction. 


*Tests showed that |-5-vinyl-2-thiooxazolidone was not present in fresh rape leaves. 
**Tests showed that no additional release of |-5-vinyl-2-thiooxazolidone from its precursor 
occurred after 24 hr. 
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Preparation of |-5-Vinyl-2-thiooxazolidone 

The procedure used for the preparation of this compound was identical with 
that described by Ettlinger (4) and involved the resolution of 1-amino-3- 
buten-2-ol as the d-a-bromocamphor-z-sulphonate salt and then conversion 
of the /-1-amino-3-buten-2-ol d-a-bromocamphor-z-sulphonate into /-5-vinyl-2- 
thiooxazolidone. 


Dependence of the Stability of d,l-5-Vinyl-2-thiooxazolidone on Temperature 
and pH 


The Grote’s reagent (7) used was two to five days old and light absorption 
was determined using a Coleman Universal Spectrophotometer Model 11. 
The procedure for the determination of the concentration of goitrogen in a 
given solution was as follows: an aliquot containing 0 to 20 mgm. of goitrogen 
was diluted with water to 100 ml., 35 ml. saturated sodium bicarbonate 
solution and 5 ml. Grote’s reagent were added, and the mixture was allowed 
to stand for 25 to 30 min. after mixing; then a reading of optical density was 
taken at Amax = 620 my and the thiooxazolidone concentration was read 
from a standardization curve prepared by plotting optical density against 
concentration of d,/-5-vinyl-2-thiooxazolidone. 

Using this analytical procedure it was found that an aqueous solution of 
1.16 gm. of racemic goitrogen per liter after being heated for four hours at 
100° C. still contained 90% of the goitrogen originally present. However, 
when a similar solution of goitrogen was made 1 N with respect to hydrogen 
chloride and was heated under reflux for four hours only 30% of the goitrogen 
originally present remained undecomposed. 
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THE DETERMINATION OF THE ORIGIN OF OPIUM 
PART I. BY MEANS OF THE COMPOSITION OF THE ASH 


By J. C. BarTLET AND C. G. FARMILO 


ABSTRACT 


A procedure has been developed, based on composition of the ash, by which 
it is possible to determine the origin of opium found in the illicit traffic in nar- 
cotics. Methods are presented for the determination of the major and minor 
constituents of opium ash. Potassium, calcium, and sodium were determined 
flame photometrically; phosphate by a molybdenum-blue procedure; while 
silica, iron, aluminum, titanium, magnesium, boron, manganese, molybdenum, 
copper, tin, and lead were determined spectrographically. The application of 
these methods to 102 opium samples of known origin is described. The median 
percentages of the constituents for Yugoslav, Turkish (druggist), Turkish (soft), 
Iranian, Indian, and Far Eastern opium are given. The effects of accidental and 
deliberate contamination are taken into account by means of a correction factor. 
The major portion of the ash was found to be potassium sulphate and potassium 
phosphate but the composition showed geographical variations which permitted 
determination of the origin of the opium. It was found, for example, that Turkish 
(druggist) opium ash has a high calcium and a low potassium content. Iranian 
opium contains significant amounts of copper and tin, while opium from the Far 
East contains more phosphate relative to the potassium and calcium content 
than any other type. Opium from other producing areas can be distinguished by 
certain other characteristics. 


INTRODUCTION 


The basic raw material of the illicit narcotic trade of the world is opium. 
It is used directly for smoking, and is also the source of morphine and heroin. 
In order to control the international drug traffic, the geographical origin of 
opium in the illicit trade must be known so that supplies of the drug may be 
cut off at the source. To this end, the Economic and Social Council of the 
United Nations in 1948-49 authorized research into devising chemical methods 
of identifying opium, and invited member governments to participate in such a 
program and to provide authentic samples for opium research (14, 15). 

Under the United Nations’ program, investigations have been carried out 
in 15 countries and by the chemists of the United Nations Secretariat. The 
percentage of codeine, thebaine, papaverine, narcotine, meconic acid, crypto- 
pine, and other alkaloids have been investigated (16). The porphyroxine— 
meconidine value and microscopic characteristics of opium under polarized 
light have been described showing the relationship of these values to the 
geographical origin of the opium (7, 8, 16). This laboratory also collaborated 
with the Secretariat's chemists on the determination of a number of the alka- 
loids in 50 samples of opium from the major producing areas. 

The composition of opium ash as a means of determining the origin of opium 
has also been considered. Fulton has made reference to ash characterization 

1Manuscript received in original form July 26, 1954, and, as revised, January 12, 1955. 

Contribution from Food and Drug Laboratories, Department of National Health and Welfare, 


Ottawa, Canada. Work undertaken under U.N.E.S.C.O. Resolution 246F(I1X). Also see E/CN. 
7/278 for general summary of program. 
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in two United Nations’ publications (7, 13) and Schnopper and Adler (12) 
in 1947 determined relative concentrations of 10 minor elements in five samples 
from different countries. Lucas and Burgener (10) carried out a preliminary 
spectrographic survey on the composition of opium ash. These workers deter- 
mined spectrographic intensity ratios, but not actual concentrations, for a 
number of minor elements. Statistical treatment of these data by Dunnet (6) 
showed that this method had definite promise for the differentiation of opium 
samples from Turkey, Iran, and India. While the work reported in this paper 
was in progress, Jermstad and Waaler (9) published a report of a qualitative 
investigation of the trace constituents of the ash of 18 samples of opium from 
seven countries. 

With respect to other plant materials a survey of the literature showed a 
large number of papers on the ash constituents, but the investigations were 
invariably carried out from the point of view of the plant or animal nutritionist. 
Differences in the content of elements such as potassium, calcium, and phos- 
phorus which occur between species and varieties were often described, but 
were only incidental to the main information of the paper. For example, 
Brunstetter and Myers (5) described the variations in the percentages of K, P, 
Ca, Mg, Al, Fe, Mn, Cu, and B in the leaves of Concord, Ontario, and Dela- 
ware grapes. There were significant variations between varieties in the content 
of some of these elements. Magoon et a/. (11) presented a more detailed analysis 
of the same data and showed that there is little variation in the leaf ash com- 
position from vines of the same variety grown under different fertilizer treat- 
ment, while there is a very significant difference in ash constituents between 
varieties. 

The over-all composition of opium ash has not been studied extensively. 
Annett and Bose (1) analyzed several samples of opium ash from ‘‘a pure race 
of poppy”’ grown in India. There was little variation in composition traceable 
to the wide variation in fertilizer treatment used in the experiments. No other 
strains of poppy were studied. 

The available information indicated that quantitative analysis of opium 
ash for both major and minor constituents could bring to light differences in 
samples from the major producing areas. Although all opium comes from one 
species of poppy, Papaver somniferum, variations in opium ash composition 
might be expected from a number of causes: 

(a) Local varieties of Papaver somniferum, 

(6) Regional climatic conditions, 

(c) Soil composition, pH, etc., 

(d) Methods of cultivation including fertilizer techniques, harvesting tech- 

niques, etc., 

(e) Methods of handling raw opium, 

(f) Adulteration. 


Since these factors may affect both major and minor constituents, it was 
felt desirable to determine as many of the ash components as were conveniently 
possible for as many samples as were available. This project was carried out 
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in order to establish the variations in opium ash composition in samples from 
within a single region and to establish the differences between samples from 
the various opium-producing regions. 


ANALYTICAL METHODS 


A Beckman Model DU spectrophotometer with an oxygen—acetylene flame 
attachment was used to determine potassium, calcium, and sodium; phosphate 
was determined by a molybdenum-blue procedure; silica, iron, magnesium, 
aluminum, titanium, boron, manganese, molybdenum, tin, copper, and lead 
were determined spectrographically using a Hilger large Littrow spectrograph 
and a Jarrell-Ash microphotometer. 


Preparation of the Sample 

If possible, the air-dried opium was finely ground and thoroughly mixed. 
A sample (2-10 gm.) was placed in a weighed platinum dish in a muffle, 
and ignited at 150-200°C. The temperature was gradually raised to 550°C., 
and maintained overnight to ensure complete ashing. The ash was then cooled, 
weighed, and mixed by grinding. 


Flame Photometer Determination of Potassium, Calcium, and Sodium 


A sample of ash (0.040 gm.) was dissolved in concentrated hydrochloric 
acid (five drops) followed by hot water (10 ml.). The mixture was filtered 
through a No. 40 Whatman filter paper and the acid-insoluble residue washed 
with hot water. The filtrate was diluted to 50 ml. with water in a volumetric 
flask. An aliquot (5.0 ml.) of this dilution was further diluted to 50 ml. to 
vield a solution containing 0.08 mgm. of acid-soluble ash per ml. 

Potassium and calcium were determined with the flame photometer (4) 
at 767 and 554 my using the dilute sample solution. Sodium was determined 
at 589 my using the concentrated sample solution. Corrections for background 
and enhancement of emission due to the amount of potassium present were 
made for the sodium and calcium determinations (4). 


Phosphate Procedure 


Reagents 


Ammonium molybdate solution.—Concentrated sulphuric acid (10 ml.) was 
added to water (40 ml.) and cooled. This solution was used to dissolve am- 
monium molybdate (1.0 gm.) and was then diluted to 100 ml. 

Hydrazine sulphate solution.—Hydrazine sulphate (0.05 gm.) was dissolved 
in water (100 ml.). 

Standard phosphate solution—Disodium phosphate (0.159 gm.) was dis- 
solved in water and diluted in 1 liter. This solution contains 0.1 mgm./ml. of 
phosphate. A solution containing 10 wgm./ml. was prepared by further dilu- 
tion. A few drops of chloroform were added to the concentrated standard to 
inhibit mold formation. 


Method 


The phosphate content of an aliquot of the dilute sample solution used for 
flame photometry was determined by a colorimetric method similar to that 
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used for arsenate (3). An aliquot (2.0 ml.) was placed in a 25 ml. volumetric 
flask and N hydrochloric acid (4 ml.), hydrazine sulphate solution (2.0 ml.), 
and ammonium molybdate solution (2.0 ml.) were added. The sample was 
diluted to 25 ml. and heated in a boiling water bath for 10 min. and then 
cooled. The absorbance was measured in a 1.0 cm. cell at 820 my and the 
amount of phosphate determined from a standard curve drawn up from known 
phosphate solutions. The phosphate was reported as % PO,-*. 


Spectrographic Determination of Other Constituents 


Three parts of ash were ground with one part of a 1:1 mixture of spectro- 
graphic grade graphite and bismuth trioxide, in an agate mortar. A 10.0 mgm. 
portion of the mixture was placed in a lower electrode (Fig. 1). 


~ sas be r 


2 
4 
4 +} Ts 
\. 
30 
37 32 


a fe 


LOWER ELECTRODE UPPER ELECTRODE 


Fic. 1. Electrodes for opium ash analysis. (Measurements in mm.) 


The arcing conditions were as follows: 
Electrodes: see Fig. 1 
Lower electrode: positive 
Current: 12 amp. d-c. 
Gap: 4 mm. (not adjusted during burning) 
Time: to completion (90-130 sec.) 
Plate: Eastman Kodak Spectrum Analysis No. 1 
Water-cooled electrode holders and a step sector were used. 
The following photographic developing conditions were used: 
Developer: Kodak D-19 for 3.5 min. at 20°C. 
Stop bath: Kodak SB-1(a) for 10 sec. at 20°C. 
Fixer: Kodak Acid Fixer for one minute at 20°C. 
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The per cent transmission of analysis lines was determined by the micro- 
photometer. The lines used are given in Table I for B, Sn, Pb, Cu, Si, Fe, Al, 
Mg, Ti, Mo, and Mn. The intensity ratios for the first four elements relative to 
bismuth 2809A were calculated using a plate calibration (gamma) curve on an 
Applied Research Laboratories calculating board. The intensity in arbitrary 
units was calculated for the last seven elements using 10% transmission as 
unit intensity. The concentrations of the individual elements were then 
calculated from working curves prepared from chemically analyzed opium ash 
samples, and synthetic ash standards. The standard errors of the spectro- 
graphic results for the individual elements are included in Table I. 

In order to determine the molecular constitution of the opium ash, so that 
similarly constituted synthetic standards could be prepared, the ash of 14 
samples was analyzed by the X-ray powder diffraction method. Potassium 
sulphate was found to be the main constituent of the ash. Quartz was present 
in a few samples. The remaining minor components were not identified. 

Synthetic standards were prepared by mixing and grinding reagent grade 
potassium phosphate (K;PQ,) and sulphate, calcium sulphate, magnesium 
sulphate, sodium sulphate, and silica in amounts corresponding to the com- 
position of chemically analyzed samples. Small amounts of the trace elements 
were added to form a ‘‘concentrated” standard and further “‘diluted”’ stan- 
dards were prepared by adding a ‘‘blank”’ standard. The working curves for 
silica and iron were prepared from chemically analyzed samples. 


RESULTS AND DISCUSSION 


No attempt has been made to give the complete composition of all the in- 
dividual samples.* However the median values for the various constituents of 
the ash are given in Table II. The table includes the ‘‘corrected”’ potassium, 
calcium, and phosphate values, the total of oxides of Fe, Al, Ti, and Si, and 
cation phosphate Ratios 1 and 2. The significances of these values in relation 
to origin are discussed in subsequent paragraphs. The percentages quoted are 
per cent of the ash, not per cent of the original opium. The median, rather 
than the arithmetic average, is discussed, since the median represents the value 
about which the samples are grouped. 

Complete analysis carried out on four samples of the opium ash indicates 
that the difference between the sum of the percentages given in Table II and 
100 was found to be almost entirely sulphate. A small portion of this difference 
may be acid-insoluble potassium, calcium, and phosphate. Carbonate was not 
detected in any of the samples when they were dissolved in acid. 

It was noted during the survey that the amounts of silica, iron, aluminum, 
and titanium in the ash varied widely between samples from the same pro- 
ducing regions. In order to place all samples on a common basis, a ‘‘correction”’ 
factor was devised, and was based on the assumption that the major portion 
of these constituents was contributed by accidental contamination with soil 
and, in the case of iron, by storage in metal containers. The ‘‘corrections”’ were 


*The complete data may be found in United Nations Document ST/SOA/SER.K/30. 1954. 
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obtained by the following calculations: 

% Si0o+% Fe.0;+% AlLO;+% TiO: = A 

Corrected % K = % K X 100/(100—A) 

Corrected % Ca = % Ca X 100/(100—A) 

Corrected % PO.* = % PO? XK 100/(100—A). 
We realize that the correction is imperfect since it does not take into account 
the amounts of calcium and magnesium contributed by contamination. These 
two elements are present as normal constituents of the plant latex as well as 
in contaminating soil, and it would be impossible to distinguish between nor- 
mally occurring amounts and those contributed by contamination. Tin and 
lead, which are also present in amounts up to 6%, are not taken into account 
by the correction. However, the validity of the correction factor is indicated 
by the reduction of the spread of values of samples of a producing area as 
shown by the data in Figs. 8 and 9. The correction was not applied to the 
minor elements. 

In general it was found that opium ash with a high potassium content had 
low calcium, while high calcium ashes were low in potassium. Calcium appears 
to replace potassium in the ash of some types on an equivalent basis. Some 
Chinese and Korean samples were either adulterated, or magnesium and 
sodium had replaced potassium and calcium to an appreciable extent. 

The only anions detected in the ash were sulphate and phosphate. Since 
all the major cations and silica were determined, a determination of phosphate 
would allow approximate calculation of sulphate by difference. However it 
was found that phosphate was the only anion which yields information useful 
for origin determination. Comparison of per cent phosphate with the per cent 
potassium reveals differences between samples from various producing regions. 
Further, if equivalent per cent (equivalents/100 gm.) of phosphate is compared 
to the sum of equivalent per cents of potassium, calcium, and sodium, other 
differences in origin become apparent. These calculations give rise to Ratio 1 
and Ratio 2 which are included in the criteria for identification of samples. 
These ratios are defined as follows: 

Ratio 1 = equivalent per cent (K+Ca+Na)/equivalent per cent PO,-* 

Ratio2 = % K/% Pos’. 

Other elements detected spectrographically were: silver in nearly all samples; 
nickel in most samples; chromium, vanadium, and beryllium in a few. Other 
elements were sought, but were not detected or were present in such small 
amounts that positive identification could not be made in the wavelength 
region used. These include As, Sb, Cd, Cs, Co, Ga, Ge, Au, In, Li, Hg, Rb. 
Sr, Tl, W, and Zn. The elements detected such as Ag, Ni, and V did not seem 
to bear any significant relationship to origin, with the possible exception of 
silver, which was much higher in three Iranian samples than in any other 
sample. The silver line used for identification is very sensitive and even the 
highest silver concentration would not be more than a few parts per million. 
Zinc is probably present in all the samples, but the sensitive zinc lines in the 
wavelength region used are all coincident with lines of other elements such as 
iron or sodium, 
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IDENTIFICATION OF THE ORIGIN OF OPIUM SAMPLES 
The ash composition of unknown samples may be compared to the ranges 
of composition found for samples from each of the producing areas in order to 
establish the origin. To facilitate this comparison, the composition data for the 
known samples have been reduced to composition profiles (Figs. 2 to 7), 
scatter diagrams (Figs. 8 to 11), and histograms (Figs. 12 to 14). 


Key To Fics. 2 To 7 


Factor by which Factor by which 
Constituent values are multi- Constituent values are multi- 
or other value plied for graph or other value plied for graph 
Ix 1 | Mo 2000 
Ratio 1 = Equiv. (K+Ca-+ Na)/ Sn 10 
Equiv. PO. 10 Cu 50 
Ratio 2 = % K/% PO; 10 Na 10 
PO 1 Fe + 
Ca 2 Al 1 
Total A (SiO.+Fe:Os;, etc.) 0.5 Mg l 
SiO: 1 Ti 10 
B 400 Pb 10 
Mn 200 


Arrows on graphs indicate points of criteria for identification of samples. 
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Fic. 2. Composition profile for Yugoslav opium ash. 
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Fic. 3. Composition profile for Turkish (druggist) opium ash. 
Fic. 4. Composition profile for Turkish (soft) opium ash. 
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Fic. 6. Composition profile for Indian opium ash. 
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FAR EAST 


CONCENTRATION 





“3 
K RATIO PO, Ca A SiO, B Mn Mo Sw Cu Na Fe AL MG Ti Pa 
a (TOTAL) 


Fic. 7. Composition profile for Far Eastern opium ash. 


Composition Profiles 

Figs. 2 to 7 show composition ‘‘profiles’”’ for the samples from Yugoslavia, 
Turkey (druggist), Turkey (soft), Iran, India, and the Far East. Individual 
elements, the sum of the contaminating oxides (the Total A), and two cation 
to phosphate ratios are spaced along the ordinate. The numbers along the con- 
centration ordinate are based on the percentage of potassium in the ash. For 
convenience in graphing, the other values are multiplied by the factors shown 
in the key to the figures. The ranges are given on the charts by the top and 
bottom points for each element, and are joined by dotted lines. The median 
values are the middle points joined by the solid lines. The charts do not represent 
any one sample, as an individual ash may contain the maximum percentage 
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Fic. 8. Scatter diagram showing the relationship between the uncorrected potassium and 
calcium content of opium ash. 

Fic. 9. Scatter diagram showing the relationship between the corrected potassium and cal- 
cium content of opium ash, 
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Fic. 10. (Top) Scatter diagram showing the relationship between ratio of total major 
cations to phosphate (Ratio 1) to per cent calcium of opium ash. 

Fic. 11. (Bottom) Scatter diagram showing relationship between ratio of potassium to 
phosphate (Ratio 2) to per cent calcium of opium ash. 
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FAR EAST FIG. 12 
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Fic. 12. Histograms of calcium and potassium content of opium ash. 
Fic. 13. Histograms of silica and mixed oxide content of opium ash. 
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Fic. 14. Histograms of boron, manganese, and molybdenum content of opium ash. 


of one element and the minimum of another. A hypothetical typical sample, 
however, would have a profile shown by the solid median line. The points used 
as criteria of the different regions are indicated by small arrows on the charts. 
These criteria points are more fully explained in the following sections. 


Scatter Diagrams and Histograms 


Fig. 8 shows the distribution of the uncorrected potassium percentages 
plotted against the calcium percentages, and Fig. 9 illustrates the same 
relationship using the corrected values. In Figs. 10 and 11 Ratios 1 and 2 are 
plotted against the corrected calcium percentage. The frequency distributions 
of some of the elements most useful for origin identification are given in Figs. 
12 to 14. 


Characteristics of Opium Ashes of Producing Regions 


In the following sections the opium ash composition for samples from each 
of the major producing regions is discussed with a view to demonstrating the 
characteristics most useful for origin identification. 


Yugoslavia 


The ash composition of Yugoslav opium is very uniform. Samples from 
this region have approximately the following composition: K, 35%; Ca, 5%; 
PO,-’, 12.5%; and SiOz, 5%. This composition is similar to that of some 
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Turkish (soft) and Indian samples. However, the ash has less phosphate and 
hence higher Ratios 1 and 2 than similar Indian samples. The iron, silica, 
and total mixed oxides are higher for Yugoslav samples than for the Turkish 
(soft) opium ashes. (See Fig. 2.) 

Turkey (Druggist Type) 

The majority of the ashes of druggist-type opium from Western Turkey 
contain less potassium and more calcium than the ashes of any other region. 
It is usually possible to identify a druggist opium on the basis of these two 
elements alone. Other characteristics usually found are the low value of Ratio 2 
compared to Ratio 1, and a high silica, boron, manganese, and molybdenum 
content. A typical druggist opium is one of the easiest samples to identify, but 
some samples from the druggist-producing area differ in one or more of these 


characteristics and may resemble the soft type from eastern Turkey. (See 
Fig. 3.) 


Turkey (Soft Type) 


The soft opium from Eastern Turkey gives an ash which may easily be con- 
fused with Yugoslav or Indian samples. However, the samples usually contain 
more calcium than Indian samples, and less iron, silica, and aluminum than 
ashes from these two countries. (See Fig. 4.) 


Iran 

The amounts of the major constituents in Iranian opium ash may vary 
from about those in Turkish (druggist) to those in Indian opium ash. However 
the major distinguishing feature of all Iranian ashes studied is the high tin 
content (above 0.3%) and the high copper content (above 0.03%). On the 
basis of these two elements, only one Turkish (soft) and one Afghan sample 
would have been placed in the Iranian group, while none of the Iranian samples 
would have been excluded. Annett et al. (2) reported, with respect to Persian 
(Iranian) opium, that “‘the juice is collected and conveyed to the market in 
copper vessels’. If these vessels were brass rather than copper, contamination 
from this source could account for the high tin and copper content of Iranian 
opium. Iranian opium often contains more sodium than most of the other 
samples. (See Fig. 5.) 

India 

The main distinguishing features of Indian opium ash are the high potassium 
content (about 40%) and the relatively low calcium content (about 3%). Some 
of the Turkish (soft) samples are similar in ash composition but Indian 
samples may generally be distinguished by higher silica and iron values. The 
Yugoslav samples may be differentiated by means of the lower phosphate 
content. Indian samples may also contain more manganese and molybdenum 
than most other opiums. (See Fig. 6.) 


Far East 


Far Eastern opium samples may easily be distinguished from any of the other 
types of opium studied, since the phosphate content of the ash is unusually 
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high compared to the potassium and calcium content and Ratios 1 and 2 are 
low in every case. The remainder of the ash composition of these samples 
varied over a much wider range than any of the other groups. Some of the 
Korean and Chinese samples studied were apparently adulterated, since they 
contained much more silica and magnesium than any other samples. However, 
Japanese, Indo-Chinese, and other Korean samples approximated closely the 
samples from other areas. The calcium content of the Indo-Chinese samples 
tends to be higher than that of the more northern sources. (See Fig. 7.) 


Miscellaneous 


Several samples received from other producing areas have been analyzed 
but have not been included in the identification criteria since there were 
insufficient data available for establishing the variation of ash composition. 
However, the results of analysis of the samples are discussed individually. 

The only sample of opium available from Greece was highly contaminated 
with iron, tin, and copper and is probably not representative of that country. 

One sample seized in the illicit traffic in Lebanon resembled Turkish (soft) 
samples closely and has been included in that group on the charts. 

Only two samples of Afghan opium were available. One of these was very 
similar to Iranian opium while the other fell within the Indian range. These 
samples have been plotted as Indian on the charts. 

A sample of experimental production from Pakistan appears to resemble the 
strain of Indian opium studied by Annett and Bose in 1918 to 1922 (1). 
These samples resemble the Far Eastern samples more closely than the Indian 
group that we have studied. 


CONCLUSIONS 


The composition of opium ash shows regional variations which can aid in 
the identification of origin of illicit samples from Yugoslavia, Turkey, Iran, 
India, and the Far East. We have found that the ash constituents most useful 
for origin determination are potassium, calcium, and phosphate. Among the 
minor constituents, copper, tin, boron, manganese, molybdenum, silica, and 
iron are useful in special cases, while lead is of little value. Combined with the 
established methods for determining origin such as the microscopic test (7), 
porphyroxine—-meconidine value (8), codeine percentage (7), and combinations 
of these and other alkaloid percentages (16), the ash analysis will permit 
positive origin identification of most samples of opium. 

The methods described here have been applied to 20 authentic samples 
whose origins were unknown to us at the time of analysis. The conclusions that 
were reached as to origin—based on the ash analysis alone; on the microscopic 
test, codeine, and porphyroxine—meconidine alone; and on the combined 
data—will be reported in a subsequent paper. 
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THE EFFECT OF CHLORINATION AND SUBSEQUENT 
DECHLORINATION ON THE TANNING PROPERTIES 
OF LIGNINSULPHONATES! 


By ALAN G. NEWCOMBE AND H. BORDEN MARSHALL 


ABSTRACT 


Attempts have been made to increase the phenolic hydroxyl content of lignin- 
sulphonates by chlorination, and by chlorination followed by alkaline hydrolysis. 
The materials investigated were crude waste sulphite liquor and a high molecular 
weight fraction of waste sulphite liquor obtained by dialysis. Chlorination of 
the high molecular weight fraction caused extensive demethoxylation and a 
slight increase in phenolic hydroxyl content. Subsequent alkaline hydrolysis 
caused a further increase in phenolic hydroxyl content. The result of the two 
processes was to triple the number of phenolic hydroxyl groups/C, unit. The 
tanning properties of the ligninsulphonates, particularly their effect on shrinkage 
temperature, were improved by chlorination. Subsequent alkaline hydrolysis 
further improved the tanning properties with the exception of shrinkage tempera- 
ture. All products, however, were inferior to quebracho. 


INTRODUCTION 

Recent investigations (17, 19) on the mechanism of tanning have indicated 
that collagen combines with the natural tannins by the formation of hydrogen 
bonds between the protein and the phenolic hydroxyl groups of the tannin. 
The tanning properties of ligninsulphonates are attributed to the presence of 
sulphonic acid and phenolic hydroxyl groups, although ligninsulphonic acid 
possesses a smaller percentage of the latter than do the natural tanning 
agents (7). It has, therefore, been suggested by workers in this field that the 
problem of converting the ligninsulphonic acid component of waste sulphite 
liquor into a useful tanning agent may be viewed as a problem of introducing 
phenolic hydroxyl groups (8). 

As part of a project in this laboratory to develop a satisfactory tanning 
agent from waste sulphite liquor (12), the effect of chlorination, and of subse- 
quent dechlorination, on the phenolic hydroxyl content and on the tanning 
properties of waste sulphite liquor have been investigated. Previous investi- 
gations on the chlorination of waste sulphite liquor have been studied both 
from the point of view of bleaching and from the point of view of producing 
a tanning agent, but opinions as to the efficacy of the latter are at variance. 
No evidence was available as to the effect of chlorination in aqueous solution 
on the hydroxyl content of the ligninsulphonates. 

In earlier work, it was claimed (5, 10, 16) that chlorinated waste sulphite 
liquor produced a good leather, but Hagglund (9) stated that such leathers 
gradually decomposed, owing to the formation of hydrochloric acid from the 
chlorinated material. For this reason, later workers (13,15) treated their 
chlorinated waste sulphite liquor with base in order to remove these reactive 
chlorine atoms before use of the liquor as a tanning material. No analytical 
data on these products were given. 


1Manuscript received January 8, 1956. 
Contribution from the Department of Chemistry, Ontario Research Foundation, Toronto, Ont. 
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Swartz (18) has compared the effects of chlorinating ligninsulphonic acid 
at pH values of 2, 6, and 10 and has found that the loss of methoxyl groups 
and the increase in chlorine content were greatest at pH 2. 

Since there was a possibility that the loss of methoxyl groups might be 
accompanied by the formation of phenolic hydroxyl groups, the chlorinations 
described in the present investigation were carried out at low pH values, in 
order to achieve maximum demethoxylation. The solutions chlorinated had 
an initial pH value of approximately 1.0 and during the chlorination the 
formation of hydrochloric acid lowered this value still more. In order to favor 
substitution, rather than addition, so that in subsequent hydrolysis phenols 
rather than cyclohexenols would be formed, the chlorinations were carried 
out in the absence of light and in the presence of a halogen carrier. 


EXPERIMENTAL 


Analytical Methods 

Sulphur was determined by the procedure of Yorston (21) and chlorine 
by the sodium peroxide fusion method. The acetylation method of Erdtman, 
Lindgren, and Pettersson (6) was used for the determination of hydroxyl 
groups but the sulphur dioxide which distilled over simultaneously was de- 
termined by titration with standard (0.01 NV) iodine solution. Total solids deter- 
minations were carried out on the free acids by allowing their solutions to 
evaporate at room temperature and then drying to constant weight im vacuo 
over phosphorous pentoxide (14). 

The tannin contents were estimated by the Official Method of the American 
Leather Chemists’ Association (2) except that the solutions were shaken with 
the hide powder for 48 hr. Previous experience (11) has indicated that this 
modification is necessary for ligninsulphonates. 


Chlorination of Waste Sulphite Liquor 

Chlorinations were carried out on portions of the same large batch of com- 
mercial waste sulphite liquor (WSL) resulting from a soft cook of mixed 
spruce and balsam. In order to lower the pH, without the addition of mineral 
acid, the ligninsulphonates were converted to the free ligninsulphonic acids 
by the use of a cation exchange resin (Amberlite IR-120). The sulphurous acid 
formed on decationization, together with other low molecular weight acids, 
was removed by the use of an anion exchange resin (Amberlite IRA-400). 

The chlorination apparatus consisted of a three-necked 3 liter flask equipped 
with a sintered glass inlet tube, a glycerol-sealed stirrer, and a stirrer-equipped 
foam breaking flask; to the latter were connected in series four gas washing 
bottles containing sodium hydroxide solution. The reaction vessel was im- 
mersed in a bath of ice and water during the chlorinations. 

A weighed amount (209 gm.) of liquid chlorine in a graduate was allowed 
to vaporize and the gaseous chlorine was passed into a reaction mixture 
consisting of 2000 ml. (224.8 gm. of solids) of deionized WSL, 5.6 gm. of ferric 
chloride, 5.6 gm. of iron filings, and 5.0 ml. of a 1% solution of DC Antifoam A 
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(a chemically inert silicone compound) in carbon tetrachloride. Vaporization 
of the chlorine was complete in about 2.5 hr. and carbon dioxide was passed 
through the apparatus to carry over residual chlorine. A beige colored precipi- 
tate appeared during the reaction and was removed by centrifugation on 
the following day. The decantate (pH S 0) was passed through columns of 
Amberlite IRA-400 to remove free hydrochloric acid and the columns subse- 
quently regenerated with a known volume of standard base to determine the 
amount of hydrochloric acid removed (148.2 gm.). The solution was then 
passed through Amberlite [R-120 and IRA-400 to remove Fe**® and Cl- 
respectively. The effluent was then concentrated to a small volume (500 ml.) 
of ‘‘soluble’’ chlorinated WSL solution containing 121.8 gm. of solids. 

The precipitate from the reaction mixture was freed from metallic iron by 
dissolving the organic material in ethanol. The alcoholic solution was concen- 
trated to dryness in vacuo and 96.0 gm. of “insoluble’”’ chlorinated WSL 
obtained. The analytical values, shown in Table I, for the soluble and in- 
soluble fractions are typical of those obtained in several chlorinations. 


TABLE I 
ANALYSES OF WSL AND CHLORINATED DERIVATIVES 








Insoluble Soluble Soluble chlorinated 
WSL chlorinated chlorinated WSL after 
WSL WS dechlorination 

S 5.9 3.5 4.2 4.9 

, OCH; 7.9 5.0 0.3 0.7 

sao 0.0 22.4 14.7 5.48 

Jo OH 9.0 — 9.5 3.8 

% Fe = 0.6 0.1 0.0 
% Tannin 46 —- 47 65 





The chlorine (6.5 gm.) and hydrochloric acid (7.1 gm.) present in the 
caustic traps at the end of the reaction were determined by iodometric and 
potentiometric titrations, respectively. 


Chlorination of High Molecular Weight Ligninsulphonic Acid 


Fermented waste sulphite liquor was extensively dialyzed until free of 
sugars as determined by paper chromatography. The non-dialyzable high 
molecular weight fraction was then decalcified, using Amberlite IR-120 resin 
on the hydrogen cycle, and concentrated im vacuo to a concentration of 
11.2 gm./100 ml. The dialyzed ligninsulphonic acid (LSA) solution, containing 
227 gm. of solids, was chlorinated as above, using 191 gm. of chlorine. After 
standing for nine hours, the precipitate of “insoluble” chlorinated LSA which 
formed was dissolved by the addition of 4300 ml. of water. The solution was 
freed of hydrochloric acid as before and concentrated in vacuo. The yield of 
solids (227.7 gm.), calculated on the basis of the reacting weights shown in 
Table III, was 86.6%. The analyses of the LSA and the chlorinated LSA are 
shown in Table II. A chlorine recovery of 189 gm. (99% of that used) was 
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obtained; the chlorinated LSA contained 38.9 gm., the Amberlite IRA-400 
removed 154.1 of hydrochloric acid (150.0 gm. of chlorine), and neither chlorine 
nor hydrochloric acid were found in the caustic traps. 


Dechlorination of Soluble Chlorinated Waste Sulphite Liquor 


A solution (363 ml.) containing 55.2 gm. of soluble chlorinated WSL was 
neutralized with 4.750 N sodium hydroxide solution to a reference pH of 2.00 
by the addition of 22.0 ml. and to a pH of 12.80 by the further addition of 
92.80 ml. The resulting solution was then heated at 100° C. in a sealed flask 
in the absence of air for 22 hr. The alkali consumed (0.080 moles) was de- 
termined by back-titration* of an aliquot. The solution was restored to a pH 
of 12 and then heated at 100° C. for another 18 hr. The alkali consumed, as 
determined by titration of an aliquot as before, amounted to 0.041 moles. 
Since the solution was still strongly basic, no additional alkali was added 
prior to heating for a further 18 hr. at 100° C. No alkali was consumed by this 
treatment and it was therefore concluded that all labile chlorine atoms had 
been removed. The solution of the dechlorinated material, after removal of 
sodium chloride and sodium hydroxide by passage through columns containing 
Amberlite IR-120 and Amberlite IRA-400, had a pH of 2.1 and contained 
28.0 gm. of solids. The low yield obtained (50.7%) was due to absorption of 
organic material by the strongly basic Amberlite IRA-400. The analyses are 
shown in Table I. 


Dechlorination of Chlorinated Ligninsulphonic Acid 


A solution (170 ml.) containing 55.2 gm. of chlorinated LSA was brought 
to a pH of 2 and then dechlorinated in three steps as above by heating with 
88.0, 34.3, and 24.5 ml. of 4.75 N sodium hydroxide solution for 29, 35, and 
21 hr., respectively. The total amount of base consumed was constant after 
the second treatment and amounted to 0.133 moles. The resulting solution 
was passed through a column of Amberlite IR-120 and then through the 
weakly basic Amberlite IR-4B, rather than Amberlite IRA-400, since the 
latter had been found in the previous experiment to absorb a high proportion 
of organic material. The yield of solids was 40.3 gm. (73%), the analyses of 
which are shown in Table II. 

The formulas for LSA, chlorinated LSA, and chlorinated LSA after de- 
chlorination, calculated on a Cy basis, are shown in Table III. 


Tanning Evaluation 


Pieces of acetone-dehydrated cowhide grain split, each 4 in. square, were 
rehydrated in 10 times their weight of acetate buffer (pH 5.0), and washed 
for 30 min. in running water. They were tanned by gentle agitation for 16 hr. 
in 125 ml. of a 2% tan solution, adjusted to a pH of 5.0, followed by four hours 
agitation in 100 ml. of a 3% tan solution, adjusted to a pH of 3.5. 

*Since chlorinated WSL is not stable at pH values greater than 3.0 the initial pH value of 2.0 


was used as a reference point; the titration curve is steep enough at this pH value that this may 
be done. 
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TABLE II 


ANALYSES OF LSA AND CHLORINATED DERIVATIVES 





Chlorinated LSA 


LSA Chlorinated LSA after dechlorination 

%C 54.4 44.3 44.8 
%H 5.6 4.1 3.5 
™s 6.3 4.5 3.7 
% Cl = 17.1 8.0 
% OH (total) 3.2 9.6 7.8 
% OH (phenolic)* 1.1 1 Oy g 3.0 
/ OCH; 13.2 3.8 5.7 
O Fe ~- 0.1 0.0 
% Tannin 58 70 83 


*Determined by the hydrazineolysis of the tosyl esters according to the method of Freudenberg, K. 
and Walch, H. Ber. 76:305. 1948. 


TABLE III 


FORMULAS FOR LSA AND CHLORINATED DERIVATIVES 























Non- 
Material C H O- SO;H OCH; Cl _ Phenolic phenolic Reacting 
OH OH wt. 
LSA 9 86 2.0 0.43 0.93 0.00 0.14 0.27 219 
Chlorinated LSA 9 76 19 036 £031 1.22 0.26 La7 253 
Chlorinated LSA 
after dechlorination 9 6.1 3.8 0.29 0.46 0.57 0.44 0.73 253 
TABLE IV 
EVALUATION OF LEATHER SAMPLES 
Weight Shrinkage Softness Smoothness 
Tannage vield temp., ° C. Color of grain* of grain* 
LSA 123 68.5 Medium brown Hard (5) Fairly smooth (5) 
Chlorinated LSA 135 75.5 Medium brown’ Rather hard (4) Smooth (4) 
Chlorinated LSA 
after 
dechlorination 140 76.0 Dark brown Fairly soft (2) Smooth (2) 
Chlorinated WSL 
after 
dechlorination 141 74.3 Brownish-black Fairly soft (3) Smooth (3) 
Quebracho 170 84.5 Light reddish- Very soft (1) Very smooth (1) 


brown 


*The numbers given are subjective and indicate decreasing order of softness and smoothness 
relative to quebracho. 


After being tanned, the pieces were soaked for one hour in water at 40° C. 
The quebracho leather was given an additional treatment with 0.3% sodium 
carbonate solution at 40° C. for one minute to clear the grain of insolubles, 
then washed with water, bleached in 1% sulphuric acid solution at 40° C. for 
one minute, and washed again with water. 
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The excess water was removed and 0.2 gm. of neatsfoot oil (5% based on 
the weight of hide substance) was applied uniformly to each piece of damp 
leather to replace the natural oils removed by acetone dehydration. The 
leathers were then tacked out and dried in a cool room. To further improve 
their softness, all samples were subjected to a staking operation, i.e., stretching 
and bending at a moisture content of 34%, which separates the fibers without 
breaking them. Finally, they were tacked out and dried in a conditioned room 
(65% R.H., 70° F.). The analysis and properties of the resulting leathers are 
given in Table IV. 


DISCUSSION OF RESULTS 


It has been suggested that the demethoxylation which occurs during 
chlorination of waste sulphite liquor results in the formation of methyl 
chloride. Since methyl chloride is volatile and resistant to hydrolysis, it would 
escape to the atmosphere and would therefore result in an incomplete chlorine 
recovery. In the chlorination of ligninsulphonic acid, 99% of the chlorine has 
been accounted for; if the 0.69 moles of methoxyl groups which were lost 
during the reaction were converted to methyl chloride, the net loss of chlorine 
would be 0.69 gm.-atoms or 12.8% of the total chlorine used. This result 
therefore suggests that methyl chloride is not formed during chlorination of 
ligninsulphonates. 

The reactions which occurred during the chlorination of the dialyzed 
ligninsulphonic acid may be quantitatively expressed by the reactions shown 
in Table V which are based on the Cy formulas given in Table III. This mecha- 
nism explains the results obtained but may not be the true explanation. 


TABLE V 
POSTULATED MECHANISM FOR CHLORINATION OF LIGNINSULPHONIC ACID 


| | 


c— NE ag kOe 


om cl a 
1.22 Cl, + 0.61 comm. Oil " | +1.22HCI (I) 
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* 
4 
7 
mi 
of 


OCH; | OCH; 
O O 
% * 
| | 
—c ...Ccl Tt ao GE 
os, a F% 
0.62 | + 0.62 HO————-» 0.62 - | + 0.62 CHOH (I) 
| 
Nao 
|  OcH, | OH 
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TABLE V—Continued 
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== 
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oe — 
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In equation I, it is assumed that half of the organically bound chlorine 
(0.61 gm.-atoms) is attached to the aliphatic side chain and the other half 
to the aromatic ring. This assumption is supported by the fact that 0.62 moles 
of methoxyl were lost during the reaction and it is probable that the loss of 
methoxyl is associated with the entrance of a chlorine atom into the ring 
(equation II). Moreover, 0.65 gm.-atoms of chlorine are removed by alkaline 
hydrolysis and these are presumed to be mainly aliphatically bound labile 
chlorine atoms. 

The sulphur split off during chlorination (0.07 gm.-atoms) would un- 
doubtedly form sulphurous acid which would then be oxidized by chlorine to 
sulphuric acid (equation I11). Likewise, it is presumed that methoxyl groups 
are hydrolyzed to methyl alcohol which in turn is oxidized to formic acid 
(equations II and IV). 

Brochet (4) has shown that aqueous methanol is easily oxidized by chlorine 
to give formaldehyde and decomposition products of formic acid. For purposes 
of calculation, it has been assumed that only formic acid, which is unstable 
in acid solutions (3), would be produced. 

The increase of 0.90 moles of aliphatic hydroxyl may be explained by the 
hydrolysis of 0.78 moles of benzyl ethers, a reaction which is known to occur 
readily in acid solutions (1) (equation V) and by the hydrolysis of 0.12 moles of 
alkyl aryl ethers (equation VI). The latter reaction is required to create 
0.12 moles of para phenolic groups, which together with the 0.14 moles present 
in the original lignin are required for equation VII. 

The actual increase in phenolic hydroxyl! content (0.12 moles) is considerably 
less than that resulting from demethoxylation (0.62 moles) and it is therefore 
assumed that vicinal phenolic hydroxyl groups are destroyed by oxidation 
to quinones (equation VII), a reaction which has previously been suggested 
by other workers (20). 

The changes in the amounts of functional groups per Cy unit of lignin- 
sulphonic acid actually found and those calculated from the above equations 
are summarized in Table VI. The amount of chlorine actually used was 
2.55 moles, and the amount of hydrochloric acid actually produced was 
4.08 moles, per Cy unit of ligninsulphonic acid. Correction has been made for 
the chlorine consumed in oxidizing metallic iron catalyst to ferric chloride and 
for the hydrochloric acid produced during ion exchange treatment by the 


TABLE VI 


CHANGES IN THE AMOUNTS OF FUNCTIONAL GROUPS PER Cy UNIT 
OF LIGNINSULPHONIC ACID AFTER CHLORINATION 


H O SO;H OCH; Cl —_—_— 
Phenolic Aliphatic 


Calculated —1.22 +0.01 ~0.07 ~0.62 +1.22 40.22 +0.90 


Found — 1.00 —@.1 —0.07 —0.62 + 1.22 +0.12 +0.90 
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ferric chloride originally added. In the equations in Table V, 2.79 moles of 
chlorine were used and 4.36 moles of hydrochloric acid were produced. 

No attempt has been made to postulate the changes which take place on 
dechlorination due to the extensive oxidation which occurred. 

The tanning properties of ligninsulphonic acid were improved by chlorination 
and further improved by subsequent dechlorination. The increase in weight 
yield of leather is probably due to the increase in the equivalent weight of 
the ligninsulphonic acid due to the loss of sulphonic acid groups. The increase 
in the shrinkage temperature on chlorination and dechlorination parallels the 
increase in phenolic hydroxyl content. Previous results obtained in this 
laboratory (12) have shown that increasing the phenolic hydroxyl content of 
lignin by condensation with phenol improved the tanning properties. In this 
investigation the phenolic hydroxyl content of the lignin molecule has been 
increased by chemical alteration of the basic lignin structure, rather than by 
condensation with phenolic nuclei, and a similar improvement in tanning 
properties has resulted. This is further confirmation of the hypothesis that 
the tanning properties of lignin can be improved by increasing its phenolic 
hydroxyl content. 
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THE EXPLOSIBILITY OF WET AMMONIA-AIR MIXTURES! 


By R. M. CLARKE AND GEORGE F WRIGHT 


ABSTRACT 


A study has been made of an industrial plant explosion in which flammable 
ammonia~—air mixtures over aqua ammonia were ignited inside storage tanks and 
piping where flame or spark could not have been present. It has been found that 
the temperature of 800°C. inside a pipe which is being arc-welded is insufficient 
to ignite the flammable mixture unless this hot metal is brought into contact 
with liquids such as aqua ammonia or very dilute hydrogen peroxide. A detailed 
description of the accident indicates that this combination of circumstances is 
sufficient to explain the occurrence. The flammable properties of wet ammonia— 
air mixtures are summarized here for the first time, in the hope that further 
accidents of this type may be prevented. 


This report is based upon an explosion of the atmosphere above aqua am- 
monia in tanks that occurred at the Canadian Industries Ltd. plant in Toronto 
during March, 1953. Publication seems justified because of the peculiar 
circumstances attending this explosion and, in general, because of the paucity 
of information concerning the ignition of ammonia mixed with air. 

Few accidents of the type have been reported adequately. Most have 
involved explosions of dry mixtures in ammonia compressor rooms (9, 1), 
and one was complicated by the presence of other inflammable gases in the 
mixture (8). The only public report of an explosion occurring in a tank con- 
taining aqua ammonia occurs in a daily newspaper (2). In this instance 
initiation of explosion seemed to be due to a spark from an arc-welding 
operation. 

The information included in these reports, together with that available in 
International Critical Tables (6), may be summarized briefly as follows: 

1. Mixtures with air containing 14.5-29.5% ammonia at 100°C. will ignite 
with suitable initiation. 

2. The limits are decreased to 16.5—-26.8% at ambient temperatures and are 
further decreased by presence of water vapor. 

3. Initiation of explosion is possible with an open flame or a spark, but not 
with a glowing wire of platinum, iron, or chromium-nickel alloy unless it is 
coated with a catalyst of the dehydrogenation type. 

4. The explosion is mild by comparison with mixtures of air with hydrogen, 
water gas, or producer gas. 

This summary of properties is insufficient to explain the recent explosion in 
Toronto. In this instance three clean storage tanks (Nos. 1 and 2 of 18,000 
gal. capacity and No. 3 of 22,000 gal. capacity) had been interconnected with 
2-in. I.P.S. service lines by means of arc-welded joints, and 90-100 gal. of 
concentrated aqua ammonia (29.4%, sp. gr. 0.9) had been added from barrels 
to each tank in order to prevent rusting. During the next morning, which was 

' Manuscript received October 12, 1954. 


Contribution from the Department of Chemistry and the Department of Chemical Engineering, 
University of Toronto, Toronto 5, Ontario. 
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rainy with a temperature of 43-40°F., a welder, standing on the top of tank 
No. 1, was engaged with a mild steel Fleetweld No. 5 rod in making the last 
half of a third ‘‘pass’’ over that one (A, Fig. 1) of the already-closed joints 
on the far side of the ell which was attached to a 3-ft. length of vertical pipe 
(B, Fig. 1) leading into the top of the tank. Since this line, which vented to the 
atmosphere about 40 ft. away, was entirely closed it is impossible that sparks 
from the welding operation could have ignited the ammonia~air mixture within 
the tank. 





Fic. 1. 


While the welder was completing this joint he felt vibration underfoot 
which increased in several seconds to such an amplitude (about six inches) 
that he jumped to the ground just before the top C of the tank blew off and 
apart. The deflagration was then transmitted through the interconnecting 
2-in. piping to tanks 2 and 3. Tank 2 appeared to have suffered the same 
effects as tank 1 save that the top and sides were separated as a unit from the 
bottom. Damage to tank 3 was not extensive. At the beginning of the incident 
a loud hissing sound was heard which, presumably, issued from the distant 
end of the vent pipe. The possibility that hydrogen or methane was present 
in sufficient quantity to sensitize the ammonia~air mixture is remote since 
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the aqua ammonia used to cover the bottoms of the tanks was poured in from 
drums that had been standing for many days at atmospheric pressure. 

Inspection of the interior of the new pipe section that was being welded at 
the time of the accident revealed no abnormality such as the presence of iron 
sulphides which are often pyrophoric (4). Indeed this pipe interior was clean 
and free from rust, as one might expect of new material. Thus only the tem- 
perature inside the weld could have caused ignition of the ammonia-air mix- 
ture. This temperature was ascertained from a comparable weld of two steel 
plates by observation with an optical pyrometer to be 960°C. during the first 
pass and 780°C. during the second pass. 

Although the flammability limits of dry ammonia-air mixtures are known 
with reasonable accuracy (8), the limits for mixtures which included water 
vapor are less well-defined, and no data seem to be available respecting the 
flammability limits of the atmosphere over aqua ammonia (7). Information 
available in the literature (3) together with a vapor pressure determination of 
30 mole % (concentrated) aqua ammonia shows that the ammonia content 
above the solution at temperatures of —4°C. to about +10°C. will fall within 
the flammability range for dry mixtures. In order to ascertain whether wet 
mixtures within this temperature range are also flammable, an apparatus 
(Fig. 2) has been constructed in which the equilibrated atmosphere above 
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Fic. 2. Apparatus to determine the wet ammonia-air combustion limits. 
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ammonia-saturated water is subjected to a spark discharge. It has been found 
that 30 sec. of sparking will not produce a flame at +6°C. nor at —5°C, 
However flames are produced within the temperature range —4°C. to +5°C. 
with maximum ignitibility and propagation at —1°C. to O°C. Thus it is 
apparent that the atmosphere in the storage tank No. 1 (at +5°C. at the time 
of the accident) was just within the flammability range with respect to spark 
ignition. 

However ignition was not initiated in tank No. 1 but, rather, at the far side 
of the ell which is 3 ft. removed by a section of 2-in. pipe. Therefore it has 
seemed worth while to ascertain the probability that a low-energy flame such 
as that of ammonia—water-air will propagate through narrow tubes. The 
apparatus shown in Fig. 3 has been assembled partly for this purpose. After 
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Fic. 3. Flame propagation in tubing. 


100 ml. of 30 mole % aqua ammonia is placed in the 5 liter flask, the stirrer 
is operated for five minutes with the system at 20°C. Equilibrium with respect 
to the 30 mole % solution is not attained, as is shown by Orsat analyses 
of the gas phase, but the mixture is flammable as may be shown by use of the 
spark discharge. Furthermore the flammability may be judged qualitatively 
by the sparking time (sometimes 20-30 sec.) which is necessary before inflam- 
mation. In these circumstances the flame is yellow in color and it usually 
travels slowly through the flask during one to two seconds. When the com- 
position of the gas phase is closer to the lower limit rather than to the upper 
limit of flammability an explosion usually occurs which forces the stopper from 
the flask. This rapid deflagration is much less yellow in color than is the slow 
flame. It is evident from these experiments that the gas phase above aqua 
ammonia at 20°C. may be dangerously explosive when it is not equilibrated 
with respect to the liquid phase. 
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When the ammonia-—air mixture in the side-tube (A, wetted with aqua 
ammonia) is ignited by a bunsen flame either at the open end or at ports 1 
and 2 the yellow flame cannot traverse the bend so as to ignite the atmosphere 
in the flask. If the side-tube A is replaced by a vertical tube 8 in. long by 
% in. O.D., then ignition by bunsen flame at the upper end will produce a 
flame which travels down and sometimes inflames the atmosphere in the flask; 
more often the flame dies out just before it reaches the flask. However the 
occasional, though erratic, propagation of flame through the ? in. tube indicates 
a high probability that the flame will survive in a 2-in. pipe. 

The type of slow (one to two second) deflagration described above is 
reproducible if ignition is effected by a bunsen flame directly at the side-neck 
of the 5 liter flask (Fig. 3). The progress of this deflagration is shown diagram- 
matically in Fig. 4. The initial flame is characteristically yellow, about one 
to two inches high, and may burn at the neck-opening for several seconds 
(Fig. 4, step 1), evidently until the composition of the gas in the flask becomes 
optimum. Then the flame is pinched off as shown in step 2 and travelsdown 
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Fic. 4. Typical flame propagation. 
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the neck (step 3) in the shape of a thin yellow disk. Upon reaching the spherical 
space it loses its shape for an instant, then flashes sidewise (step 4) and re- 
establishes a large thin yellow disk which travels downward (steps 5 and 6). 
When the liquid level is reached the shape and color disappear. The hissing 
sound of gas escaping from the side-neck is then observed. 

These studies of ignition by spark or flame are of interest in evaluation of 
the limits and types of wet ammonia~air inflammation. However they do not 
provide an explanation for the occurrence of the explosion in the Canadian 
Industries Ltd. plant because neither spark nor flame could have reached 
the atmosphere inside of the tank system. Consequently other methods of 
ignition have been studied in the apparatus shown in Fig. 3. Instead of a spark 
across the gap terminals a platinum coil (8 in. of No. 32 wire coiled 1 in. long 
by 3 in. in diameter) is attached and heated electrically to a maximum tem- 
perature of 1120°C. as evaluated by an optical pyrometer. Despite a report 
to the contrary (8) a flame appears during the heating of this coil. This flame, 
about two inches high at the critical temperature when it appears, increases 
in size with increase in temperature. The base of the flame is confined to the 
length of the coil and its blue-yellow to colorless appearance designates it as a 
hydrogen flame induced by cracking of the ammonia. If the electrical power is 
shut off the flame continues to burn above the coil for several seconds and then 
is extinguished. In these circumstances it will be observed that the flame does 
not cause general deflagration in the flask although under certain conditions 
an explosion will occur. This occurrence is not related to the position of the 
heater in the flask, but it is reproducible either if air is admitted at the 
side-neck or if the hot coil is splashed with aqua ammonia. Either of these 
modifications seems to make the hydrogen flame capable of igniting the air— 
ammonia mixture. However it is noteworthy that a quiescent hydrogen flame 
will not induce ignition. 

A nichrome coil of the same dimension behaves like the platinum coil 
although its behavior is less pronounced, probably because it operates at a 
lower maximum temperature (1060°C.). However an iron coil operating at 
the temperature of the weld which caused the accident will not induce a flame 
of any kind. Since the iron coil is not very durable under the series of repetitive 
tests that are necessary for reliability, a modified apparatus, shown in Fig. 5, 
has been assembled. This comprises a tube, A, terminating in a nozzle which 
will impinge a fine liquid spray on the bottom of B, a heater. This heater is 
constructed from mild steel, the lower end being machined to 0.25 in. O.D. 
by 0.20 in. I.D. Inside is placed a nichrome coil (54 in. of No. 28 wire) wrapped 
around a quartz or alundum tube and surrounded by thin mica. This 110 v. 
| amp. heater raises the external temperature to 800—850°C. or slightly above 
that observed during the second pass of the arc-weld. The stirrer (C, Fig. 5) 
is sufficiently loose-fitting that pressure can escape from the flask. The spark 
gap used for standardizing the flammability of the gas mixture is shown at 
D, while E is a tube through which air, gaseous ammonia, or aqua ammonia 
can be introduced. 

Among 100 trials with flammable ammonia~air mixtures the iron heater at 
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Fic. 5. Red-hot iron surface. 


800-850°C. failed to produce a flame. Likewise no flame was observed when 
the hot surface was sprayed with water. However a spray of aqua ammonia 
on the hot surface produced a small flame in about 15-20% of 50 trials, and in 
one trial the entire atmosphere in the 5 liter flask deflagrated. The same 
effect could be produced by splash from the stirrer but with lesser frequency, 
probably because too much water vapor was generated by this means. In a 
modification of this test, 200 ml. of aqua ammonia was placed in a 4 liter 
beaker covered except for a 2? in. hole in the center of the cover, and chilled 
to 5-10°C. after approximate equilibration was attained by swirling the 
liquid. A welding rod heated to cherry-redness was quickly immersed 100 
times into the gas phase inside without sign of ignition. Yet in 25 subsequent 
experiments wherein the tip of the immersed cherry-red welding rod just 
touched the surface of the aqua ammonia a flame of varying size was repeatedly 
obtained. 

Since the fine water spray which is ineffective in causing ignition at the hot 
iron surface must certainly absorb much ammonia from the gas phase in the 
5 liter flask (Fig. 5), it is evident that the aqua ammonia spray, which does 
cause inflammation, must contain a substance not present in the gaseous 
ammonia—air mixture. Because of the possibility that the factor may have 
been an oxidation product a spray of 0.5% aqueous hydrogen peroxide has 
been impinged upon the hot iron surface. This treatment causes ignition at 
about the same frequency as is observed with the aqua ammonia spray but 
the color of the flame is much deeper yellow with local intense regions. Also 
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the frequency with which the flame propagates to complete deflagration is 
greater than is observed with the aqua ammonia spray. 

The strongly-yellow color of the flames observed in ammonia—oxygen 
mixtures has been thought by Herzberg and Ramsay (5) to be due to NH, 
radicals. This yellow color is also characteristic of the relatively cool flame 
encountered in the slow deflagration described above. The mode of ignition 
at the hot iron surface suggests that in this flame reaction NH: radicals may 
be formed and decomposed by a self-sustaining chain reaction involving 
atomic oxygen or hydroxyl radicals as expressed below 

NH;+OH’ — NH; +H,0 

NH;+0, —NH +HO; 

NH;+HO: — NH +H,0+0OH’ 
where the fate of imide will depend on the amount of available oxygen (10). 
Indeed the propagation of such a flame should depend on the reactions of 
imide because the postulated chain would not be expected to be self-sustaining 
for very long unless it received support from a subsequent reaction or series 
of reactions. 

Whether or not this mechanism describing the initiation of deflagration in 
ammonia-air mixtures is valid, a reasonable explanation for the explosion 
at the Canadian Industries Ltd. plant is now at hand. One may presume that 
water accumulated in the horizontal section (D, Fig. 1) of the vent pipe 
interconnecting the storage tanks. This undoubtedly occurred during rains 
while the system was tack-welded and before the first pass on the several 
welds was completed. When aqua ammonia was added to the tanks a distribu- 
tion of ammonia via the gas phase occurred. The aqua ammonia thus formed 
in pipe section D may have suffered slight oxidation. If now the welder, 
standing on the top of tank No. 1 while he commenced the third pass at A 
(Fig. 1), may have shifted his weight slightly, the buckling of the top of the 
storage tank would incline the horizontal portion, D, of the vent pipe. The 
aqua ammonia in D would then flow onto the red-hot metal underneath the 
weld. According to the experimental results outlined above this contact 
would be sufficient to initiate a flame that eventually would propagate into 
tank No. 1. 

The authors wish to thank Canadian Industries Ltd. for permission to 
publish this report and for generous support of the work. 
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PHYSICOCHEMICAL STUDIES ON ALBERTA COALS 


I. SURFACE AREA MEASUREMENTS! 


By N. BERKOWITZ? 


ABSTRACT 


As a precursor to kinetic studies of reactions between coals and selected 
organic solvents in ultrasonic fields, measurements have been made of the acces- 
sible surface areas of typical Alberta coals by a heat-of-wetting technique. The 
experimental results show a well-defined catenary-type variation of surface 
areas with coal rank (carbon contents); surface areas vary from about 15 to 
300 sq. m. per gm., with minimum values being reached among medium-volatile 
bituminous coals containing between 85 and 90% carbon. Some data are also 
reported for the effect of compression and of mild oxidation on surface area. 


INTRODUCTION 


The recognition that coal resembles a two-phase (air—solid) colloidal system 
(1) leads theoretically to an important, if not perhaps always fully appreciated, 
corollary. Regardless of the various structural forms currently assigned to 
coal (2, 10, 16), it suggests that many properties of coal may be governed 
not so much by elementary composition (or ‘rank’) or by molecular structure 
as by the extent of available surface (S). More specifically, it suggests that 
reactions between coal and oxygen (as in combustion or gasification) or between 
coal and liquids (as in solvent extraction) may, in a large measure, be deter- 
mined by kinetic factors. And since there is as yet no compelling evidence for 
supposing that the degree of compaction of a coal—the result of tectonic 
forces and the principal determinant of S—must necessarily be covariant with 
chemical maturity, there are moreover grounds for thinking that such kinetic 
factors may be only loosely connected with coal rank. 

But whilst elucidation of these factors thus becomes an integral part of 
modern coal utilization research and a necessary precursor to any fundamental 
study, it is important to bear in mind that a classical kinetic approach to 
reactions involving coal presents several unique problems. Not only are most 
coals petrographically extremely heterogeneous, but the coal ‘series’ is (even 
if genetically perhaps discontinuous) unquestionably continuous in terms of 
carbon, hydrogen, and oxygen contents, and the role of elementary composition 
(and of the still unknown molecular combinations into which these elements 
enter) cannot be unequivocally established. For the sake of simplicity, it is 
therefore more convenient to approach the general problem empirically by 
determining the surface area S and then comparing S with observed behavior. 
Such a reformulation has the further advantage that S provides, in itself, a 
useful classification parameter (15) and valuable evidence relating to the 
ultrafine structure of coal (2). 





1Manuscript received November 8, 1954. 
Contribution No. 43 from the Research Council of Alberta, Edmonton, Alberta. 
2Senior Research Chemist, Research Council of Alberta, University of Alberta, Edmonton. 
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With this in mind, measurements have been made of the surface areas of a 
range of typical Alberta coals which form the subject of detailed study in these 
laboratories. The method for evaluating S was based upon a heat-of-wetting 
(or heat of immersion) principle (15), and the results generally reveal the same 
pattern as that established for British coals (15). But before reporting these 
results and the further information that has emerged from the present study, 
it will be helpful to consider briefly some aspects of the experimental method 
employed in these investigations. 


HEAT OF WETTING AS A MEASURE OF SURFACE AREA 


In principle, surface areas of porous solids can be determined by recourse to 
any one of several volumetric methods or to direct weighing of the adsorbent 
at several adsorbate pressures (as with the McBain sorption balance). In all 
cases, an isotherm is obtained from which monolayer capacities can be com- 
puted with only few assumptions; and whilst different methods of computation 
may occasionally lead to rather divergent results (7), agreement is generally 
very good. However, under certain conditions, adsorption methods suffer 
from an important inherent disadvantage: if the adsorbent is (like coal or 
coke) a solid whose pore system contains local constrictions of molecular 
dimensions, adsorbent—adsorbate equilibria are established only very slowly, 
and in the extreme case, equilibrium may require as much as three to six 
weeks for each isothermal point. In a survey in which the information gained 
is primarily of a statistical nature, it is therefore frequently convenient to 
adopt a different approach, even if this incurs some sacrifice of accuracy. 

One such approach, and incidentally one that does not necessarily sacrifice 
accuracy, involves a phenomenon known as heat of wetting (or heat of 
immersion). It has long been known that immersion of a dry solid in a wetting 
liquid is accompanied by a heat release (AH) and, if the surface under examina- 
tion is assumed to be energetically more or less uniform, that AH is propor- 
tional to the extent of wetted surface (14). If the heat release per unit surface 
is known from other measurements, the surface area S can hence be calculated 
directly from AH. 

Theoretically, the calorimetric measurement of S via the heat of wetting 
would seem to be attended by several difficulties. Whilst the actual determina- 
tion of AH is straightforward and subject only to the usual precautions in- 
volved in calorimetry, its numerical value must prima facie critically depend 
upon the previous history of the adsorbent, upon the state of the adsorbent 
surface, and upon the purity of the wetting fluid used. Moreover, interpreta- 
tion of AH in terms of a surface area requires assumptions as to surface uni- 
formity that are often not justified. But there are reasons for supposing that 
these theoretically anticipated difficulties either do not always appear in 
practice, or that they tend to cancel each other. 

In the case of coal and related carbonaceous solids (such as cokes), attempts 
have been made to determine the heat release per unit surface by splitting 
individual samples into two fractions and comparing the results of a heat of 
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wetting determination (carried out on one) with that of a volumetric adsorp- 
tion (carried out on the other). Using methanol’ for both series of experiments, 
it has been shown that a heat release of 1 cal. corresponds to very nearly 
10 sq. meters, and that this equivalent appears, for all practical purposes, to 
be independent of coal rank (or ‘type’). The data reproduced in Table I 


TABLE I 
COMPARISON OF HEATS OF WETTING AND SURFACE AREAS 








Heat of Surface area 
Carbon, wetting in by 
Coal Rank %* MeOH, MeOH ads., Cal./sq.m. Ref. 
cal./gm.* sq. m./gm.* 


Bacchus Marsh, 


Victoria, Australia Lignite 65.2 38.5 357 1.078 a 
Koeflach, 

Austria Lignite 68.4 33.4 332 1.006 a 
Yallourn, 

Victoria, Australia Lignite 71.8 38.8 348 1.115 a 
Salt Range, 

Pakistan Sub-bit. 74.6 19.8 197 1.005 a 
Warwickshire, High-vol. 

England bit. 81.1 17.7 176 1.006 b 
Northumberland, High-vol. 

England bit. 82.2 16.5 167 0.990 b 
Ireland Anthracite 92.4 4.8 50 0.960 c 
Willow Charcoal —- ? 15.9 155 1.026 d 





*Calculated on dry, ash-free basis. 
References: a. Berkowitz, N. and Schein, H.G. Fuel, 31:19. 1952. 
b. Maggs, F. A. P. BCURA Conf., London, 1944. p. 95 et seq. 
c. Berkowitz, N. Unpublished work. 
d. Bangham, D. H. and Razouk, R. I. Proc. Roy. Soc. (London), A, 166: 572. 
1938. 


illustrate this point. Contrary to expectation, moreover, it is found that the 
measured values of AH are highly reproducible and that reproducibility essen- 
tially demands only one precaution, namely that the individual samples of a 
single coal shall correspond to each other in terms of petrographic composition. 
If this condition is satisfied by careful sampling and quartering of the bulk 
material, it appears that other factors become relatively unimportant. For 
example, it can readily be demonstrated that traces of moisture in the wetting 
fluid (methanol) do not significantly affect the observed value of AH; and in 
view of the constancy of the equivalent 1 cal. = 10 sq. m. (cf. Table I), it 

8The choice of methanol was based on the fact that MeOH provides the smallest molecule existing 
in the liquid phase at ordinary temperatures. Because of this, MeOH may be expected to penetrate 
into pore spaces from which larger molecules might be partially excluded. It has, moreover, been 


shown that MeOH is capable of displacing adsorbed methane and water from a coal surface and 
wetting by MeOH can hence be relied upon to take place on a substantially ‘clean’ surface. 
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must also be concluded that possible differences in ‘polarity’ of various coals 
(as evidenced by different oxygen contents) lie equally within the limits of 
experimental error involved in the heat of wetting measurement. 

It is of course clear that any measurement of S with as heterogeneous a solid 
as coal can yield no more than an average datum. However, this only intro- 
duces interpretational difficulties. Thus, neither the form nor the nature of the 
surface can at present be defined unless recourse is made to a micellar model 
such as has been developed by Bangham ef al. (3); and since this model can 
at best apply only to so-called ‘structureless vitrains’, the assignment of a 
surface area measured with the coal substance as a whole involves speculations 
that may be as unsound as they would currently be unconfirmable. But subject 
to the proviso that S can at present offer no more than a correlation parameter, 
and subject also to the further recognition that any measurement of surface 
area involves considerable uncertainty, a direct conversion of AH into S 
would seem to be justified by the available evidence. 

Reference should perhaps here be made to the fact that heat of wetting mea- 
surements with coal (using MeOH as wetting fluid) have recently come under 
criticism on other grounds. Determining surface areas of coals by volumetric 
adsorption of nitrogen (or argon) at ca. 83°K. and finding values of between 
1 and 5 sq. m. per gm., Lecky et al. (19), Malherbe (20), and Zwietering et al. 
(21) have concluded that the very much higher values obtained from heat of 
wetting measurements at 25° or 30°C. (which vary, depending upon the rank 
of coal, between ca. 15 and 380 sq. m. per gm.) are due to some form of chemical 
interaction between coal and methanol. But it is not necessary here to deal 
with these criticisms im extenso: theoretical considerations and experimental 
evidence for regarding them as fundamentally untenable have already been 
given elsewhere (9), and still more recent evidence (by some of the original 
critics themselves) upholds this view (11). Krevelen (18) has himself shown 
that the observed discrepancies between low-temperature adsorption measure- 
ments and heat of wetting determinations are due solely to the nature of the 
pore system in coal; and earlier postulates of chemisorption, ‘polar’ adsorption, 
imbibition of methanol, and partial dissolution (or dispersal) of coal in MeOH, 
brought forward to account for the discrepancies, need thus not be considered 
further. 


APPARATUS AND EXPERIMENTAL TECHNIQUE 


In the present investigations, the heat of wetting apparatus used for the 
measurement of S was closely similar to the assembly described by Griffith 
and Hirst (15) and later by Berkowitz and Schein (8). The calorimeter con- 
sisted essentially of a 100 cc. capacity unsilvered Dewar flask set into a con- 
stant temperature water bath (at 30°C.) and clamped against an aluminum 
plate through which a stirrer and sample holder were fitted as shown in Fig. 1. 
Two modifications, however, were introduced in order to secure greater 
operational safety and flexibility of the apparatus and to increase its sensitivity. 
To break sample bulbs located in the small cage A (cf. Fig. 1), a spring-loaded 
tube fitted with two sharp steel needles was used; and the special long-stem 
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To Potentiometer 








Fic. 1. Diagrammatic view of calorimeter. 


thermometer previously employed for temperature measurements was replaced 
by a platinum resistance-thermometer which was mounted against the inner 
wall of the Dewar vessel and connected to a suitable Wheatstone bridge and 
galvanometer. AH was thus measurable in terms of a galvanometer deflection.‘ 

The experimental procedure was as follows: The carefully quartered coal 
sample, ground to pass a 65 mesh Tyler screen and weighing between 2 and 
3 gm., was dried in vacuo at about 105°C. for two hours, weighed into a tared, 
thin-walled glass bulb, and outgassed for two or three days at between 90° and 

‘By first determining the heat capacity of the assembled calorimeter by means of the heat of neu- 


tralization of an acid and base, it proved possible to so adjust the Wheatstone bridge that a galvano- 
meter shift of 1 mm. corresponded to 1 cal. Accurate readings could be made down to 0.1 mm. 
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100°C. and at a final pressure of approximately 10-° mm. Hg. Outgassing was 
considered complete when there was no appreciable tendency for the pressure 
to build up again after pumping was discontinued. The sealed-off bulb was 
then placed into the cage connected to the lower end of the stirrer (cf. Fig. 1), 
40 cc. of pure dry methanol (reagent grade) added to the calorimeter vessel, 
and the whole assembly placed in the water bath. After a warming-up period 
of about two hours, galvanometer readings were taken at regular one-minute 
intervals, the sample bulb broken when there was a constant rate of galvano- 
meter shift with time, and readings continued until steady temperature 
conditions obtained once more. AH was then determined from a plot of gal- 
vanometer readings against time, corrected for heat losses by the usual graphi- 
cal methods, and (subject to the proviso that S may provide a relative rather 
than an absolute datum) converted into surface areas by means of the equi- 
valent 1 cal. = 10 sq. m. 

All determinations of S were made in duplicate and finally recalculated to 
the dry, ash-free coal basis on the assumption that mineral matter in coal 
makes no significant contribution to AH. This assumption receives partial 
justification from the fact that heat of wetting of coal ash in methanol does 
not exceed about 0.6 cal. per gm. 


RESULTS AND DISCUSSION 


Table II summarizes the results thus obtained: columns 2 and 3 give the 
carbon and hydrogen contents of the coals (also calculated on the dry, ash-free 
basis); columns 4 and 5 show the heats of wetting on the dry and dry ash-free 
basis respectively; and column 6 gives the percentage deviations from the 


TABLE II 


HEATS OF WETTING 


Heat of wetting, cal./gm. 

















ac oo % 
% % Dry, deviation 
Description of coal carbon, hydrogen, Dry ash-free from mean 
dry, dry, coal coal (on dry 
ash-free ash-free coal) 

Roselyn, Sheerness, Alta. 73.55 4.90 20.294+0.54 22.27 +2.66 
Taylerton, Sask. 73.86 4.85 28.18+0.18 30.69 +0.64 
Wabamun main seam, Alta. 75.22 4.58 25.4940.37 27.47 +1.45 
Lethbridge Galt Mine (top), Alta. 76.95 4.97 7.76+0.07 9.03 +0.90 
Lethbridge Galt Mine (bottom), Alta. 77.83 5.29 7.03+40.13 7.54 +1.85 
Lethbridge Fed. Mine 41581, Alta. 78.18 5.12 7.07+0.07 7.57 +0.99 
Springhill #2 (top), N.S. 85.27 5.39 1.75+0.08 1.84 +4.57 
International #2, Alta. 86.53 4.95 2.30+0.03 2.92 +1.30 
Springhill #2 (bottom), N.S. 86.72 5.45 1.18+0.02 1.23 +1.69 
International #4, Alta. 87 .26 4.87 2.02+0.05 2.43 +2.48 
Luscar, #4, Alta. 88.52 5.08 2.13+0.06 2.35 +2.82 
Elk River #3 (middle), B.C. 89.95 4.70 2.18+0.01 2.32 +0.46 
Elk River #3 (top), B.C. 90.43 4.44 2.35+0.05 2.58 +2.13 
Canmore 45, Alta. 90.82 4.45 3.07+0.06 3.48 +1.95 
Canmore #3, Alta. 90.84 4.15 3.29+0.06 3.61 +1.82 
Canmore #4, Alta. 91.04 4.18 3.03+0.04 3.19 +1.32 
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arithmetic means, computed on the dry coal. S can be obtained from the data 
listed in column 5 by multiplying by 10. 

A graphic representation of the variation of S with coal rank is reproduced 
in Fig. 2, in which surface areas have been plotted as a function of the carbon 
contents. For comparative purposes (and in order to emphasize trends) the 
diagram includes data for two British Columbia coals, two Nova Scotia coals, 
and a Saskatchewan lignite examined in this laboratory, and for a few Southern 
Hemisphere coals previously studied by the writer and Schein (8). 
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Fic. 2. Variation of heat of wetting with coal rank. 


The most obvious feature of Fig. 2 is the statistically highly significant 
correlation between S and coal rank and the fact that this relation assumes the 
same form as that established for British coals (15) and for coals from several 
Commonwealth countries (8): there is the same rapid decrease in S among 
sub-bituminous and high-volatile bituminous coals (C < 80%); S again tends 
towards minimum values among medium-volatile bituminous coals (C = 85- 
90%); and there is once more a clear trend for S to increase among low-volatile 
bituminous coals and anthracites (C > 90%). Since this catenary-type 
variation of S with carbon contents has now been shown to apply to coals from 
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Canada as well as from Britain, Pakistan, Australia, and Africa, it may be 
assumed to reflect general behavior—provided that such generalization is not 
taken to exclude the possibility of occasionally very pronounced departures 
from the ‘type-relation’. There is strong reason to think that such departures 
will, in fact, be found wherever tectonic forces acting on the i situ coal were 
either particularly light or particularly intense (see below). 

Equally general validity can also be claimed for a direct, if rather less 
well-defined, proportionality between S and moisture contents. Such a pro- 
portionality, which is implicit in the view that the heat of wetting measures a 
surface area and hence is a function of the porosity of the coal, is clearly 
discernible in Table III in which column 8 lists the so-called ‘capacity moisture 
contents’.5 Broadly speaking, then, moisture contents and porosities can, as a 
first approximation, be regarded as functions that are interchangeable with 
S (or the heat of wetting) if they are numerically corrected by means of the 
appropriate proportionality constant. 


TABLE III 
COMPARISON OF HEATS OF WETTING AND CAPACITY MOISTURE CONTENTS 











Heat of wetting Capacity 
Coal in MeOH, moisture, * 
cal./gm., % 
dry, ash-free 

Springhill #2, N.S. 1.84 2.0 
Elk River #3 (middle), B.C. 2.32 2.0 
Luscar #4, Alta. 2.35 1.9 
Elk River #3 (top), B.C. 2.58 1.8 
International #4, Alta. 2.43 2.0 
International #2, Alta. 2.92 1.9 
Canmore #5, Alta. 3.02 1.9 
Canmore #3, Alta. 3.61 2.3 
Lethbridge #1, Alta. 7.54 10.3 
Lethbridge Fed. Mine #1581, Alta. 7.57 11.3 
Lethbridge #2, Alta. 9.03 1: ee 
Roselyn, Sheerness, Alta. 22.24 26.5 
Wabamun main, Alta. 27.47 23.9 
Taylerton, Sask. 30.69 34.7 





*I am indebted to Mr. J. Fryer, Research Council of Alberta, for these determinations. 


Some further comment, however, is required in connection with Fig. 2. 
Quite generally, there are reasons for thinking that values of S as measured 
by adsorption or heats of wetting do not reflect the ‘true’ surface areas and 
that the extreme variability of S among the more immature coals (C < 85%), 
which leads to a ratio of almost 20:1 as between lignites and medium-volatile 
bituminous coals, is due to progressively greater inaccessibility rather than to 
an actual collapse of inner surface during maturation. One finds, for example, 
that whilst ultrafine grinding increases the surface area of every coal, the 
increments (which always exceed those due to the fresh external surface 


5 According to Report No. 35 of the Research Council of Alberta (1944), the capacity moisture 
content is defined as the least moisture in coal that will give a relative humidity of 100%. As such, 
it is a direct measure of the bed-moisture content of a coal. 
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created by grinding) are far larger among medium-volatile bituminous coals 
than among coals of lower rank. Some typical values, recorded by Dresel and 
Griffith (12), are reproduced in Table IV in order to illustrate this. The decrease 
in S with increasing rank over the range C — 85% must, in other words, be 
attributed to a progressive im situ compaction of the coal material under 
tectonic stresses that arise from its natural overburden and that may be locally 
intensified by shearing forces associated with orogenic movements. 


TABLE IV 
EFFECT OF ULTRAFINE GRINDING ON HEAT OF WETTING 





Heat of wetting in 


Coal Degree of MeOH, cal./gm., % increase in 
comminution dry, ash-free heat of wetting 
Yorkshire (a) 100% 0.21 mm. 17.1 
sub-bituminous coal (b) ‘‘u-coal’’ 27.4 60.2 
Derbyshire high- (a) 100% 0.21 mm. 9.7 
volatile bituminous (b)  ‘“‘u-coal”’ 23.3 150.5 
coal 
South Wales medium- (a) 100% 0.21 mm. 2.7 
volatile bituminous (b) ‘‘u-coal”’ 14.1 422.2 


coal 


Note: ‘‘u-coal” is the product obtained by ball-milling the coal in an atmosphere of pure, dry 
nitrogen for 72 hr. 


If this interpretation is accepted, an interesting corollary suggests itself: 
since the measured value of S (at any particular size consist) can be considered 
a function of the degree of compaction of the coal, and hence an index of its 
physical maturity, one may conclude that physical maturity is itself an 
‘accidental’ result of the geological history of the coal and that the processes of 
physical maturation can be reversed by swelling or intensified by compression of 
the coal.® 

Owing to the fact that significant swelling can only be induced by solvents 
that may also cause chemical alteration of the coal and/or extract substantial 
portions of coal material, the reversibility of physical maturation rests, at 
present, on qualitative and largely circumstantial evidence: the fact that 
treatment of a bituminous coal with such solvents as pyridine, quinoline, or 
chloroform results in pronounced swelling and softening is sufficiently well 
known to obviate the need for comment here. 

But it is possible to prove intensification of physical maturity by direct 
experiment. Table V shows what happens when comparatively immature 
coals (i.e. coals with low carbon contents and high initial surface areas) are 
compressed under conditions not dissimilar to those prevailing in a deep seam. 
The data were obtained by grinding three coals to pass a 65 mesh Tyler screen 

6The possibility of such reversibility suggests that physical maturation phenomena ought to be 


sharply separated from chemical maturation processes and that some more explicit definition of 
‘rank’ may become essential. 
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TABLE V 


EFFECTS OF COMPRESSION ON HEAT OF WETTING 


Heat of wetting, cal./gm., dry, ash-free 








Coal Before compression After compression 
Roselyn, Sheerness, Alta. 22.27 20.16 
Taylerton, Sask. 30.69 24.17 
Wabamun, Alta. 27.47 19.11 


and, prior to outgassing and submission to a heat of wetting determination, 
compressing them at 140°C. for 24 hr. under 10 tons per sq. in. In every 
instance, the coal responded to the applied pressure with a very pronounced 
reduction in the measured surface area and, in every case, this effect appeared 
to be induced very quickly and more or less irreversibly. There was no observ- 
able tendency of the coals to revert to the original, more open structure on 
prolonged standing in an inert atmosphere, and compression for periods in 
excess of 24 hr. did not lead to measurable further decreases of S. We have 
here evidence that the coal substance can assume a new equilibrium configura- 
tion within a very short period of time and that ‘readjustment’ under external 
stress leads to a material whose physical properties correspond to those of a 
more mature coal. 

In a general sense, the present results confirm observations previously made 
by Dulhunty (13) during a study of the effect of compression upon the capacity 
moisture content of Australian coals. But they draw attention to two other 
points. First, since the surface areas of the compressed coals are still high and 
since the conditions employed in the compression tests are certainly the most 
intense that can occur in tectonically undisturbed areas, they suggest that 
extreme compaction (such as would lead to the compression found among 
medium-volatile bituminous coals) may require shearing forces possibly 
coupled with locally rather higher temperatures. Compression in a direction 
normal to a seam would appear incapable of reducing accessible surface areas 
much below about 150 sq. m. per gm. Secondly, it is apparent that if an 
immature coal is, at some stage during its development, exposed to abnormally 
intense im situ compression, it will yield a material that is physically much more 
mature than other coals of equivalent rank and that may, for this reason, 
depart markedly from the type-relation provided by Fig. 2. It is undoubtedly 
to phenomena of this nature that we must look for an explanation of ‘abnormal’ 
coals such as occur in certain areas of Pakistan (8) and Borneo (4). 

In connection with Table V it is, incidentally, noteworthy that the quan- 
titative effects of compression stand in a very definite relationship to the sur- 
face areas measured with the raw coals. Thus, of the three coals tested, two 
were of the same rank (containing 73.5 and 73.8% carbon) but differed with 
respect to accessible surface: one gave S = 223 and the other S = 307 sq. m. 
per gm. Assuming the former to have suffered a greater degree of in situ 
compression, one would expect it to show a smaller response to compaction 
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in the laboratory, and this expectation is fully borne out: the respective per- 
centage reductions in S amounted to 9.5 and 21.2%. The third coal, with 
C = 75.38%, gave S = 275 sq. m. per gm.; it may, because of this,’ be con- 
sidered physically less mature than ‘normal’ and significantly responded to 
compression with a 30.5% reduction in S. 

One feature of Fig. 2, however, remains still obscure: this is the trend to- 
wards higher surface areas among low-volatile bituminous coals and anthra- 
cites. Qualitatively, this trend has been associated with loss of volatile matter 
by mild partial pyrolysis,’ and in this connection, attention has been drawn 
to the fact that concurrently with an increase in S, there are also progressively 
more rapid increases in instrinsic strength, electrical conductivity, and elastic 
moduli. Viewed in their entirety, these changes are not inconsistent with the 
suggestion that maturation beyond C = 90% involves transformation of a 
colloidal assemblage into a progressively more rigidly cross-linked ‘lattice 
structure’; and it is tempting to associate the increased accessibility of these 
solids (i.e. a greater measured surface area) with the inability of such solids to 
draw closer together under the influence of surface forces or external stresses. 

Direct proof for this thesis is difficult, if not impossible, to adduce, but some 
support for it can perhaps be found in the relationship between carbon and 
hydrogen contents of coal (cf. Fig. 3). Whilst the hydrogen content remains 
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Fic. 3. Variation of hydrogen contents with carbon contents of coals, 


approximately constant at a mean of ca. 5.4% below C = 90%, it decreases 
very rapidly with increases in carbon content beyond that point; and if it is 
borne in mind that the principal decomposition products obtained from high 
rank coals are elemental hydrogen and methane (both undoubtedly formed 
during disproportionation reactions), postulates of a lattice structure forma- 
tion are quite plausible. But it is worth noting that the physical presence of 
hydrogen (perhaps in the form of aliphatic side-chains) appears in itself 


*Reference to Fig. 2 will serve to show that a ‘normal’ coal with C = 75% should have a surface 
area of approx. 160 sq. m./gm. a 

8Some investigators give formation temperatures for anthracites ranging as high as 700°C., but 
a temperature of ca. 400-450°C. would be more in keeping with the known decomposition tempera- 
tures of anthracites. 
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capable of offering steric opposition to penetration. This point is illustrated 
by three coals of equal rank (ca. 86.5%) shown in Fig. 2 and, for convenience, 
listed in Table VI. The recorded values of S are here inversely proportional 
to the hydrogen contents. 

Attempts to explore this point further (and to test the corollary that higher 
surface areas among anthracites may be partly due to the simple removal of 





TABLE VI 
% carbon, % hydrogen, Heat of wetting, 
Coal dry, ash-free dry, ash-free cal./gm., dry, ash-free 
International #2, Alta. 86.53 4.95 2.92 
Wankie, S. Rhodesia 86.50 5.0 2.70 
Springhill #2, N.S. 86.72 5.45 1.23 


hydrogen) have so far proved unsuccessful. The abstraction of a definite small 
amount of hydrogen by mild oxidation of a coal at 30°C. actually caused a very 
significant decrease in S and current work in these laboratories is therefore 
endeavoring to reverse the procedure and to investigate the effect on S of mild 
hydrogenation of coal with nascent hydrogen. But measurements with the 
oxidized coal served, in the meantime, to establish another important point. 
Whilst mild oxidation will generally lead to a progressive deterioration and 
eventual loss of coking properties and to a steady increase in the capacity 
moisture content and related properties of a coal, the present results suggest 
that in certain instances, initial oxidation may induce reverse changes (cf. 
Fig. 4.) This finding is all the more significant as a direct relationship has been 
empirically found to exist between S (or moisture contents) and coking pro- 
perties (5) and since Kreulen (17) has observed that slight oxidation can 
occasionally enhance coking properties. Since Fig. 4 forms a virtual mirror 
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Fic. 4. Variation of heat of wetting with oxidation time (oxidation by means of moist 
oxygen at 30°C.). 
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image to the curves shown in Kreulen’s paper, it would thus appear that a pro- 
portionality between S and coking properties may be as valid for mildly 
oxidized as for fresh coals. The theoretical implications of this relationship 
have already been discussed (5, 6). 
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AN APPARATUS FOR THE DETERMINATION OF DIPOLE 
MOMENTS! 


By C. C. MEREDITH AND GEORGE F WRIGHT 


ABSTRACT 


The machine described here will determine precisely the dielectric constant 
of either 15 ml. of liquid or 0.5 gm. of solid. 


INTRODUCTION 


The evaluation of the dipole moment of an organic chemical by the deter- 
mination of its dielectric constant in a solvent requires a quantity of the 
substance which is frequently not conveniently available. We have therefore 
devised an apparatus with which a complete series of determinations at diff- 
erent concentrations can be made with a total of 0.5 gm. of material. This 
limitation requires that measurement be made in a capacitive cell of low liquid 
(14 ml.) and high electrical (220 uyuf.) capacity. The cell is connected to a 
measuring device of high resolution and stability. The precision of which the 
apparatus is capable is necessary also to determine the dielectric constant 
of small pellets of the organic compound before it is dissolved for the measure- 
ment of orientation polarization. The dielectric constant of the solid phase 
provides an accurate evaluation of the ‘‘atomic polarization”’ of the substance. 
The value so obtained is more realistic than that taken as an arbitrary fraction 
of the “electronic polarization”’. 


THE HETERODYNE OSCILLATOR 


This instrument (Fig. 1) utilizes two identical oscillators designed to have 
a high order of frequency stability. After the initial warm-up period, stabilities 
of the order of one part in 10° have been realized. In construction of the 
apparatus, a previous design (1) has been elaborated in order to minimize 
residual inductance which has been shown to lead to error (3). The circuitry 
used (Fig. 2), derived from that of Franklin (2), consists essentially of a two- 
stage amplifier having aperiodic coupling elements and providing zero phase- 
shift between input and output terminals. By coupling input and output 
terminals to a suitable resonant circuit, oscillation will be maintained in the 
tuned circuit provided that the amplifier has sufficient gain to overbalance the 
voltage drop across the equivalent resistance representing the losses in the 
circuit. This tuned circuit may consist either of an inductance and a capacitance 
in parallel, or of a piezoelectric crystal which can be shown to be the electrical 
equivalent of such a tuned circuit having very low losses. 

The Franklin circuit (2) has been used, since with a suitably designed 
amplifier it has been found to possess excellent frequency stability. Also this 

! Manuscript received December 28, 1954. 


Contribution from the Laboratory of C. C. Meredith and the Department of Chemistry, University 
of Toronto, Toronto, Ontario. 
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circuit will oscillate reliably over a wide range of frequencies with large 
values of tuning capacitance (ca. 1000 uyf.) and with shunt conductances as 
high as 10-* mho. The cathode-coupled amplifier (4, 6) utilized, which has 
been found to give adequate amplification over a wide range of frequencies, 
provides the necessary zero phase-shift between input and output; it has the 
added advantage of having a very high input impedance, due to its cathode- 
follower input stage. Using triodes designed for grounded-grid operation 
(6AB4’s), stable operation can be obtained at frequencies as high as 18 to 20 
Mc./sec. The high input impedance of this amplifier makes possible the use 
of very small coupling capacitors between the electronic circuit and the 
frequency determining element, thus minimizing frequency variations due to 
variations in tube parameters. 

The standard-frequency oscillator (SFO) is provided with jacks to accom- 
modate any one of three AT-cut crystals, offering a selection of three operating 
frequencies 0.5, 2.6, and 5.0 Mc. The other, the variable-frequency oscillator 
(VFO), is provided with jacks to accept the appropriate inductor of 120, 
4.5, or 4.0 microhenrys. It was found impracticable to use inductances of less 
than 4 wh. and hence this value is used for the 5 Mc. range, compensation 
being made by the use of a fixed capacitor in series with the tuning capacitors. 
This series capacitor, when not required, is short-circuited by using a three-pin 
arrangement on the coil bases. For the two lower-frequency coils, two of these 
pins are connected together in such a way as to short-circuit the series conden- 
ser, while for the 5 Mc. range this connector is omitted in the 4 uh. coil 
assembly. This series condenser in the 5 Mc. tuned circuit has the effect of 
reducing the value of tuning capacity while at the same time leaving the full 
value of the tuning capacitors available for purposes of measurement. 

The inductor jacks are connected to the two balancing capacitors internally, 
coarse adjustment being provided by C, and fine adjustment by C;. External 
terminals are provided for connection to the General Radio Type 722-N 
standard capacitor, C2, to the micrometer standard, C;, and the test cell, Ci. 
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PARTS LIST FOR FIG. 2 


Ci Test cell 
C2 #722-N G.R. Co. 1100 wuf. standard 
C3 Micrometer capacitor, AC = 2.5 uuf. 
Cy #1428 G.R.Co. 1100 uyuf. variable 
Cs #1427 G.R.Co. reduced to 6 uuf. 
Cs 6 upf. fixed 
C; 300 yuf. silver mica fixed 
Cs, Cis \ 3 to 10 wuf. variable air or 
hunts Cos, f silver-ceramic adjustable caps 
Cy, Cu, Ciz 0.01 wf. mica or ceramic capacitors 
Cio, Ciz 40 uf. 450 v. electrolytic capacitors 
Cis 500 uf. mica capacitors 
Cis, Ceo 0.1 uf. 600 v. paper capacitors 
Cio, Cos 0.25 uf. 600 v. paper capacitors 
Ca 300 ywuf. mica capacitors 
Coo 150 uf. 150 v. electrolytic capacitors 
L; 120 uh. powder metal core R-F. inductance 
L2 ca. 4.5 uh. powder metal core R-F. inductance 
L; ca. 4.0 uh. powder metal core R-F. inductance 
Ri, Rg 2.5 meg } w. carbon resistor 
Ro, Rio 270 ohm 3 w. carbon resistor 
R3, Ro 2700 ohm 1 w. carbon resistor 
Ry 1500 ohm 1 w. carbon resistor 
R; 27 K 1 w. carbon resistor 
Re 10 K 3 w. carbon resistor 
Rz, Ros 1 meg 1 w. carbon resistor 
Ru 25 K 10 w. wire wound resistor 
Riz, Ris, Ris, Reg 470 K } w. carbon resistor 
Rus 150 ohm 1 w. carbon resistor 
Ris, Ra 47 K 1 w. carbon resistor 
Rie 22 K 1 w. carbon resistor 
Riz 15 K 1 w. carbon resistor 
Ris 82 K carbon resistor 
Rao 2.2 K carbon resistor 
Re» 100 K potentiometer, carbon 
Rag 4.7 meg carbon resistor 
Vi, Ve, Vs 6AB4 grounded-grid type triode 
I, 6BE6 penta-grid mixer 
Vs 6C4 triode 


Ve 6E5 “Magic Eye” indicator 
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The micrometer standard consists of the barrel and stem of a 25 mm. micro- 
meter depth gauge secured by a brass sleeve to a polystyrene cylinder inside 
of which is pressed a brass tube 1.375 in. in length and with an inside diameter 
of 0.218 in., the 0.125 in. diameter micrometer stem entering this cylinder 
axially. The brass tube thus forms the outer, insulated electrode of a coaxial 
cylindrical capacitor, the micrometer stem acting as the axial, grounded 
electrode. The change in capacity as the micrometer head (and stem) is moved 
from its zero to maximum reading is 2.5 wuf., thus providing readings to 0.001 
uuf. of capacity increment. The mounting of this micrometer standard may be 
observed in Fig. 8. 

Each frequency-determining element is coupled through very small capaci- 
tors (ca. 3 wuf.) of the adjustable type to the input and output terminals of 
the cathode-coupled amplifier, and also through a similar adjustable capacitor 
to the grid of a cathode-follower output amplifier, V3. The two first-mentioned 
small capacitors are adjusted to the minimum value necessary to obtain 
stable oscillation under the conditions of operation, while the third is adjusted 
to provide a voltage of ca. 0.5 v. r.m.s. at the control grid of the mixer tube, to 
which the cathode of the output stage is connected through an additional small 
capacitor of ca. 20 uuf. The mixer tube employed, V4, is a standard, broad- 
cast-receiver type of pentagrid mixer (6BE6), one of its control grids being 
connected as mentioned above to the SFO and the other similarly to the VFO. 
In practice, the voltage so derived from the SFO is applied to the mixer 
grid normally used for the local oscillator in the broadcast-receiver, and the 
magnitude of this signal is adjusted to a somewhat higher value than that 
derived from the cathode of the output amplifier associated with the VFO, 
the latter signal being applied to the other control grid of the mixer tube. 
This tends to maintain the beat-frequency output of the mixer tube relatively 
constant, even though the output from the VFO may vary somewhat with 
changes in the conductivity of the specimen being investigated. 

The beat-frequency appearing in the output of the mixer tube is amplified 
with a single triode (V5) functioning as an audio-frequency amplifier. The 
time-constant of the audio coupling circuits is made sufficiently long to obtain 
adequate indication at signal frequencies of fractional cycles per second. 
This can readily be accomplished by the use of large coupling condensers and 
high values of grid resistors, since frequencies above one or two thousand 
cycles are of no interest and may be sacrificed to obtain sensitivity at very 
low frequencies, thus ensuring true indication of zero-beat conditions. 

The output from the audio stage is available at either of two signal jacks, 
one of which is provided with a volume control and may be used with head- 
phones, the other being used for connection to a cathode-ray oscilloscope. 
In addition, the audio signal is applied to the control grid of a 6E5 electron-ray 
indicator, which has been found to provide a very sensitive indication of 
zero-beat condition. 

The electronically-regulated plate supply, with an output voltage of 250 
at any current up to ca. 0.1 amp., is adapted from one previously published 
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(5). Additionally, it is desirable to utilize a stabilized line voltage source when 
the utmost in stability is desired, since changes in line voltage directly affect 
the cathode temperature and can thus produce frequency changes in the order 
of parts in 107 over a period of several seconds. A worth-while improvement 
would be the incorporation of an electronically-regulated heater supply. 


THE TEST CAPACITOR FOR LIQUIDS 

This cell has been constructed with the aim of attaining high electrostatic 
capacity with lowest possible liquid capacity and with electrical stability of 
the same order as that of the heterodyne oscillator. In order to obtain the 
shortest possible electrical connections, the thermostatting arrangement has 
been brought to the cell, which is shown in cross-section in Fig. 3. The cell con- 
sists of three coaxial cylinders of 18-8 stainless steel, mounted very rigidly to 
enable the spacing to be as close as possible. The outer and inner cylinders are 
electrically common and are at ground potential. The intermediate one is 
carefully insulated from the other two, and forms the high-potential electrode. 
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The two grounded cylinders are massive, the outer one (2.375 in. O.D.) 
having a helical water channel cut in its periphery, after which a brass sleeve 
has been shrunk over it. A brazed-in tubulature (3 in. O.D.) is provided at 
“E”’ to serve as the outlet for temperature-regulated water. The upper end 
of the bore is tapered 1: 10 to receive a tapered joint, while the lower end of 
the bore is threaded to receive the threaded shoulder formed on the innermost 
cylinder. The remaining portion, which forms the electrically-active surface, 
is brought to a high polish with rouge-laden chamois skin, after first being 
brought to the best possible finish by mechanical means. The inside diameter 
of the active portion of this outer cylinder is 1.399 in. or 3.553 cm. 

The innermost cylinder is flanged at the bottom end and is provided with an 
externally threaded shoulder accurately and tightly fitting the internal thread 
in the bore of the outer member. Above this shoulder, the outside diameter 
is reduced to 1.281 in. (3.253 cm.) by polishing with rouge-laden chamois 
skin after first tooling to the best possible finish. The importance of the quality 
of finish on these parts, as on both inner and outer surfaces of the intermediate 
cylinder, cannot be overemphasized. The core of the inner cylinder has been 
bored roughly to form an internal ‘‘water-jacket’’, which is connected by 
3 in. O.D. tubing to the water passage encompassing the outer cylinder and 
provided with a central inlet 3 in. O.D. as shown in Fig. 3. The fit of the two 
mating threads of the two cylinders is such that the outer member must be 
heated somewhat to enable them to be screwed tightly together. 

After assembly, the solution inlet hole at ‘“‘G’’, Fig. 3, is drilled into the 
bottom end of the recess between inner and outer cylinders, the lower end 
being enlarged and tapped with a fine thread as shown. A #78 drill is used for 
the upper portion of the hole which connects with the annulus in the cell; 
the shoulder occurring at the upper end of the threaded hole is finished with 
care to provide a seat for a small Teflon gasket. Finally, the outer member 
of the assembly is drilled and tapped at the top to accommodate the studs 
used to clamp the stopper in place and for the stainless-steel overflow exit 
(not less than 4, in. I.D.) shown at ‘‘F”’ in Fig. 3. It has been found desirable 
to lag the exterior surface with friction tape to minimize heat exchange and 
condensation of water vapor. 

The annular space between the outer and inner cylinders is 3 mm. wide, 
and into this is fitted the third cylinder which has an O.D. of 1.359 in. (3.453 
cm.) and an I.D. of 1.320 in. (3.353 cm.). Here again great care has been taken 
to provide the best possible finish on both inside and outside surfaces. The 
0.5 mm. wall is pierced by three 0.0625 in. holes spaced 120° apart and at a 
distance of 0.5 in. from the lower end (not shown in figure). These three holes 
accommodate small Teflon plugs which act as spacers to maintain the 0.5 mm. 
spacing between members, and also serve to damp out vibration of the inter- 
mediate cylinder. As is shown in the top view (Fig. 3) this hollow cylinder, 
which forms the insulated electrode, is supported at its upper end by a stain- 
less-steel spider to which it is welded. A nut is welded to the hub of this spider 
to accommodate the hollow, threaded terminal ‘‘J’’, which is drilled laterally 








188 CANADIAN JOURNAL OF TECHNOLOGY. VOL. 33 


at ‘‘I’’ just above the nut, to provide pressure release for air trapped in the 
upper part of the liquid chamber. Hole “‘I’’ is located just above the liquid 
level as determined by the overflow vent ‘F’’. The axial hole in ‘‘J”’ may be 
closed after filling by means of a screw cap (not shown in the figure). 

The hollow terminal ‘‘J’’ passes through a tapered Teflon bushing which is 
pressed firmly into the Pyrex stopper “‘B’’. Nuts provided on “‘J’’ above and 
below the Teflon bushing serve both to position the insulated electrode at the 
correct height and to draw the bushing firmly downward into the tapered 
hole in the Pyrex stopper. The Pyrex stopper is made with an external taper 
of 1: 10, as shown in the figure, which accurately fits the taper in the bore of 
the outer stainless steel cylinder. A bakelite ring is provided to secure the 
high potential electrode in place by means of pressure on the rim of the Pyrex 
stopper and is locked in place by nuts run down on three threaded studs 
shown projecting upwards through the bottom of a shield-box (D, Figs. 3, 
4, and 8), the lower end of these studs being threaded into the top end of the 
outer cylinder as before mentioned, two of these studs being shown in section 
in Fig. 3. Three machine screws (not shown) also pass through suitably posi- 
tioned holes in the bottom of the cast aluminum shield box and are screwed 
into three threaded holes in the top of the outer cylinder, thus drawing the 
complete cell upward into intimate contact with the bottom of the box 
(D, Fig. 3). 

The shield-box ‘‘D”’ with the cell so suspended from it is supported at the end 
carrying the cell by attachment securely against the front panel of the hetero- 
dyne oscillator, the other end resting firmly upon the top panel of the 733-N 
standard condenser. The height of the whole assembly of apparatus is adjusted 
to allow for ample space beneath the test cell to accommodate the filling 
device, water inlet, etc. As shown in Fig. 8, which illustrates the plan view of 
the shield-box with cover removed, the high potential terminals and connec- 
tions are all very thoroughly shielded by this device when the cover is replaced. 
This view also shows the micrometer standard capacitor with its polystyrene 
insulated electrode projecting to the left inside the shield-box (just behind the 
terminals of the 722-N standard) and the micrometer head projecting to the 
right, outside the box. 

Again considering the test cell, from the foregoing it is seen that the spacing 
between electrodes is quite small (0.5 mm.), which makes possible the high 
electrostatic capacity of ca. 220 yuf., while only requiring a relatively small 
volume of solution (ca. 14 ml.) to fill it to constant level as determined by the 
overflow vent (F, Fig. 3). The residual capacity as determined with pure 
benzene is ca.3 uuf., and is due largely to the capacity-to-ground of terminal 
“J” through the composite insulator formed by the Teflon bushing and the 
Pyrex stopper ‘‘B’’. 

Variation of dielectric constant with temperature is controlled by forced 
circulation of water from a constant-temperature bath equipped with heating 
and cooling facilities controlled by the thermoregulator which can be seen in 
Fig. 4, installed at the water outlet ‘“‘E’’, Fig. 3. The close proximity of the 
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thermoregulator to the cell ensures temperature regulation to within 0.05° 
as measured by a multijunction thermocouple introduced into the annular 
space within the cell. Rapid circulation of the water is needed to maintain 
this regulation. 

The cell is filled by means of the device shown in Fig. 6, which is attached 
at “G”’, Fig. 3, by means of the threaded nipple ‘‘A’’, Fig. 6. The body of the 
adapter is drilled axially to a slip fit on the outside of the 0.035 in. O.D. 
stainless tubing (F, Fig. 6) which is allowed to project slightly above ‘‘A”’, 
(Fig. 6), and is swaged over to provide a tight seal against the Teflon 
gasket installed at the upper end of the threaded hole “‘G’’, (Fig. 3). The lower 
end of nipple ‘‘A’’ seals against the Teflon Packing ‘‘B’’, (Fig. 6). The lower 
extremity of the body of this adapter is provided with a taper to fit a #5 outer 
member of an interchangeable TS joint, and is additionally provided with a 
plastic silicone gasket (D, Fig. 6) to ensure a tight seal when the cell is filled 
by applying air pressure at ‘‘C’’, Fig. 6. The air pressure so applied forces the 
liquid from the volumetric flask of 15 ml. capacity (which can be seen in Figs. 
5 and 7) up into the test cell. The filling action is continued until a few drops 
of liquid fall from outlet tube ‘‘F’’, Fig. 3, into the side-arm test tube (equipped 
with a calcium chloride drying tube), also seen in Figs. 5 and 7. A clamp 
applied to the air pressure hose at ‘‘C’’, Fig. 6, satisfactorily maintains the 
liquid level during the capacitance determination. Release of the clamp allows 
the liquid to return to the volumetric flask. 

After use, the cell may be cleaned by drawing chemically and optically pure 
solvent through it by the application of vacuum, followed by drying by passage 
of clean, dry air through the apparatus. It is extremely important in so doing 
that every precaution is taken to exclude particulate matter from the air 
stream. After cleaning and drying, the capacitance of the empty cell is meas- 
ured. 

If C, is the value of capacitance determined for the empty cell (air dielectric), 
C; is the capacitance for the liquid-filled cell (liquid dielectric), and C, is the 
residual terminal capacitance of the cell, the dielectric constant of the solution 
is given by— 


€e = (C:—C,)/(Ca—C,;), 


where e is the dielectric constant of the liquid. 

The 14 ml. volumetric flask from which the cell is filled also serves as a 
pycnometer. This flask is equipped with a capillary neck upon which are etched 
11 calibrated marks. Densities may be determined to a precision of one part 
in 104 by filling the flask ‘‘N’”’ with a solution prepared in the weighing flask 
“OQ”, Fig. 9 through a stainless steel tubing (0.035 in. O.D.). This stainless 
steel tubing is housed in a glass capillary ‘‘U’”’ tube equipped at one end with 
a 12/10 TS outer joint member. An air inlet tube joins the ‘‘U”’ tube at its 
center, through which molten polyethylene is introduced to seal off the air 
space between the hypodermic needle and the wall of the “‘U” tube in the 
leg leading to the pycnometer. When filled as described, the pycnometer is 
weighed (to 0.1 mgm.) and placed in a thermostat to determine the interpolated 
volume with a telescope. 
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The low residual capacity of the cell is due to the elimination of long con- 
necting leads or cables made possible by mounting the cell from the under 
side of the cast aluminum shield box, as mentioned above and shown in 
Figs. 4, 5, and 8, and to the long insulation path through the stopper of the 
cell itself. From Fig. 8, it is seen that the connection between the high- 
potential electrode of the cell and the VFO terminal is very short and rigid. 

The shield-box (8 in. X 3.25 in. X 2.12 in. with } in. thick walls) encloses 
the insulated terminal of the VFO and is adequately grounded to the VFO 
panel by two ground terminals located on either side of the insulated terminal. 
It is seen that the right-hand end of the box rests upon the top panel of the 
General Radio #722-N standard capacitor and completely encloses its ter- 
minals, and also encloses the high potential parts of the micrometer capacitor. 
A ground connection in the form of a copper strip (0.18 in. wide X 0.015 in. 
thick) runs from both ground terminals on the VFO panel to the ground 
terminal on the 722-N standard and a similar strip joins the insulated, high- 
potential terminals of VFO, 722-N, and micrometer capacitor. The ground 
connection for the micrometer capacitor is made by the aluminum box itself. 
The use of these massive connections reduces the residual inductance in the 
capacitor circuits to a minimum, while the short (ca. 1 in.) rigid connection 
to the insulated electrode of the test cell together with the long dielectric 
path through the composite stopper maintains the residual capacity of the cell 
at a very low and constant value. Complete shielding of the connections is 
provided by the } in. thick box lid (not shown) which is secured firmly in 
place while the apparatus is in use. 

A standard 2 in. micrometer caliper has been altered to provide means for 
the precise determination of the dielectric constant of small pellets of organic 
substances. This device may be seen in Fig. 4. The alteration consists of securely 
attaching a standard coaxial elbow fitting at the position ordinarily occupied 
by the anvil of the micrometer caliper. The vertical arm of the elbow has been 
cut away externally to expose about 3%; in. of the polystyrene insulation and 
internally to remove the split conductor sleeve and replace it by a rod of 
Wood’s metal. Into the open end of the horizontal arm of the coaxial elbow is 
screwed a brass replica of the coaxial fitting with which the assembly is fitted 
to the VFO. This fitting is necessary in order to prevent loss of polystyrene 
during heating and it also serves as a source of heat when it is warmed to 
150°C. The anvil is now aligned with the micrometer stem by means of a 
tubular jig which fits closely enough to hold anvil and stem together and con- 
centric. The brass replica and the coaxial fitting are now heated until the 
Wood’s metal is molten and the polystyrene is plastic. Then the prolongation 
of the anvil is lowered into the molten Wood’s metal by turning down the 
micrometer screw. This operation embeds the anvil in the soft plastic and 
expands the latter so that it fits tightly to the inside of the coaxial elbow. 
When the assembly is cool the anvil is parallel to and concentric with the 0.250 
in. diameter micrometer stem. The horizontal arm of the elbow is now pro- 
vided with a suitable fitting to provide connection to the coaxial socket (L, 
Fig. 8) installed in the aluminum shield-box, the external metal parts of these 
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fittings providing both mechanical support for and electrical grounding of the 
micrometer assembly. The central, insulated conductor of the coaxial socket 
is connected to the measuring circuit by a short lead terminating in a “‘banana 
plug’’, which plugs into the hollow end of the VFO terminal. The residual 
capacitance of the device is measured with the micrometer stem retracted to 
its limit. 

An amalgam which is semisolid at room temperature is prepared by solution 
of 0.5 gm. of zinc dust in 8 gm. of boiling mercury. A small amount of this 
pasty metal is placed upon the insulated anvil and surmounted by one of a 
series of pellets 0.25 in. in diameter which are of previously-determined but 
varying thickness. On the top of the pellet is placed a small amount of the 
amalgam. The micrometer stem is now screwed down into light contact with 
the upper surface of the pellet. A closely-fitting sleeve (slightly chamfered 
internally at its lower end) on the micrometer stem is now brought down with 
care until it encircles pellet, stem, and anvil, thus accurately aligning the 
pellet with respect to the condenser plates. Firm pressure is now applied 
with judgment to avoid crushing the pellet, by means of the micrometer 
screw. The sleeve is then raised to its upper position on the micrometer stem 
(Fig. 4) and the excess of amalgam is thoroughly brushed away. The capaci- 
tance now is measured by adjustment of the micrometer standard to zero-beat, 
the reference point being the zero-beat obtained by determination of the 
residual capacitance as described above. The reading so obtained is C, = Cp+ 
C, where C, is the capacity of the test fixture containing a pellet and C, is 
the residual capacity of the test fixture. The pellet is now removed and the 
amalgam cleaned off. The micrometer stem is returned to the reading repre- 
senting the thickness of the pellet and zero-beat is obtained by readjustment 
of the micrometer standard capacitator. This reading is C, = C,+C, where 
C, is the air capacitance at this plate separation and C, as before is the residual 
capacity. Then the dielectric constant of the pellet is 


= (C.—C,)/(Cy—C,). 


The density of the pellet is obtained by centrifugation in comparable media. 

After a series of pellets of varying thicknesses have been measured in this 
way the values of ¢, are plotted against thickness in order to obtain an 
extrapolated value at zero thickness (e,,). The combined electronic and 
atomic molar polarization of the chemical substance is then 


Pera = (€.—1)/(€.+2).M/d 


where M is the molecular weight at density d. A typical extrapolation is 
shown in Fig. 10 for diphenyl mercury, (d = 2.3, ¢,, = 2.91). The polarization, 
P40, of 58.9 is in reasonable agreement with the estimated value. 

It is important that the pellets used in these determinations of solid dielectric 
constant be free of included air. To do so requires the application of consider- 
able pressure under a hydraulic press, and to avoid swelling the die, it has been 
found necessary to use a high-tensile steel (Atlas SPS 245) for this purpose. 
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Fic. 10. Dielectric constant of diphenyl mercury. 


After finish-machining, the 2 in. O.D. die is heat-treated to obtain maximum 
strength. Additionally, it is beneficial to form the pellets im vacuo. For this 
purpose a vacuum chamber has been constructed, utilizing a 43 in. O.D. 
extra-flexible bellows, #D-22834, obtainable from the Clifford Manufacturing 
Company. 
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A COMPARISON OF THE FLOW OF HIGH POLYMERS IN THE 
CAVITY OF A MOONEY PLASTOMETER! 


By D. S. FENsSOM 


ABSTRACT 


From idealized Mooney plasticity — time curves for Butyl and GR-S synthetic 
rubber the distinctive features of the various parts of the shearing curve are 
pointed out. Actual experimental curves are given for Butyl, GR-S, ‘‘Cold rubber’’, 
polyisobutylene, polybutadiene, polystyrene, and some natural rubber gum 
stocks. For polymers which were produced in emulsion, the degree of branching 
as indicated by the Huggins k’ value seemed to be loosely correlated with the 
time to reach the primary peak in the Mooney flow curve. Cross linking and en- 
tanglement in structure as indicated by high gel content seemed to be correlated 
with secondary rise in shearing force shown during a long test. An hypothesis of 
flow in the cavity of the Mooney machine is advanced to explain these pheno- 
mena, supported by drawings of cross-sections of samples run in the machine. 
According to this hypothesis, some high polymers shear in a streamline fashion, 
others shear along certain slip planes and may even exhibit a mixing of parts 
which seems to be similar to turbulence in fluids. 


INTRODUCTION 


In 1951 a brief survey of the viscosity-time curves obtained during the 
shearing of GR-S and Buty] synthetic rubber samples in a Mooney plastometer 
was made (1). As a result, some views on the flow inside the cavity of this 
plastometer have been formed and the work described below is a continuation 
of the original study. Two comparisons have been attempted: the comparison 
of the flow curves of high polymers whose structure and properties were either 
measured or known, and the comparison of the actual rubber residues taken 
from the machine after shearing. 


IDEALIZED MOONEY CURVES 


When a sample of high polymer is sheared under standard conditions in a 
Mooney plastometer the strain on the shearing mechanism is measured and 
may be plotted against time (4). It has been the custom for the rubber industry 
to depend chiefly on the Mooney value (i.e. the measured strain) after four 
minutes’ shearing, but in previous work it was suggested that all parts of the 
curve may reflect the structure of the sample (1). 

Two very important types of synthetic rubber, Butyl and GR-S, were found 
to give two distinct types of Mooney curves. Idealized curves for these two 
rubber types are given in Figs. 1 and 2. 

In Fig. 1, which is for Butyl rubber, a steady flow portion A’C’ or BC is 
shown, but the dotted-line curve A’C’ has the characteristic shape for samples 
which have been heavily ‘“‘massed”’ (i.e. milled between heated rolls) and cooled 
but which have not been allowed to relax in the hot cavity of the machine 
for more than a second or two. The full line, ABC, is typical of a low viscosity 

1 Manuscript received in original form September 7, 1954, and, as revised, February 4, 1956. 


Contribution from Ridley College, St. Catharines, Ontario. Paper read at High Polymer Forum, 
London, Ontario, November, 1958. 
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Fic. 1. Idealized Mooney plasticity — time curves for Butyl rubbers. 

Fic. 2. Typical Mooney curves of unmassed butadiene-styrene copolymers containing about 
23% bound styrene. 


0 


Butyl sample relaxed or ‘‘conditioned”’ for the normal period of one minute. 
The part of the curve 0A (or 0A’) was largely the result of rubber extension, 
while AC (or A’C’) was largely due to flow of rubber. When a high viscosity 
sample of Butyl rubber was tested, with the usual period of conditioning, the 
curve followed the shape OABA’C’. 

In Fig. 2 the curves are shown of two typical GR-S rubbers, i.e. butadiene— 
styrene copolymers, which have not been massed prior to running, but which 
have been conditioned in the machine for one minute before shearing. The 
difference in shape of these curves may be seen in comparison with those of 
Fig. 1: the low and flattened part of the curve 0A and the secondary rise at C 
in about four minutes. The sample giving curve OABC would be lower in 
viscosity and gel content than that giving 0A’B’C’. 


THE MOONEY CURVES OF VARIOUS HIGH POLYMER TYPES 


Some ten distinctive types of high polymer relating to Butyl or GR-S syn- 
thetic rubber were run in a standard Mooney machine at 212°F. A standard 
rotor was used and the rotor speed was kept at 2 r.p.m. according to the 
requirements of one of the commonest tests carried out by this machine (4). 
Each high polymer was allowed to condition in the machine for one minute 
(unless stated to the contrary) and according to thermocouple measurements 
made in the sample mass inside the cavity, the high polymer temperature at 
the start of shear was within 5° of 212°F. 

While there is no reason to think that the curves shown in Figs. 3-10 are 
the only ones which might be obtained for their polymer group, in most cases 
the main shape of the curve would seem to be characteristic of typical samples. 
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Fic. 3. Mooney curve of a sample of polystyrene run at 273°F. 
Fic. 4. Mooney curves of samples of polyisobutylene run at 212°F. 
Fic. 5. Mooney curves of Natural rubber samples run at 212°F. 


Fic. 6. Mooney curves of samples of polybutadiene (polymerized at 122°F.) run at 212°F. 


Where duplicate runs were made (not done in the case of polystyrene, the 
Natural rubbers, or ‘‘Special’”’ rubbers) the curves lay within two Mooney 
points of each other at comparable times. 

All samples were run between cellophane sheets to prevent the polymer from 
sticking to the rotor or platens. 
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Fic. 7. Mooney curves of samples of Butyl rubber, run at various temperatures. 

Fic. 8. Mooney curves of samples of butadiene—styrene copolymers (polymerized at 122°F. 
and with 23% bound styrene) run at 212°F. unmassed. 

Fic. 9. Mooney curves of samples of butadiene-styrene copolymers (polymerized at 55°F. 
and with 23% bound styrene) run at 212°F. unmassed. 

Fic. 10. Mooney curves of samples of miscellaneous synthetic rubbers polymerized at 122°F. 
and run at various temperatures. Sample X was a butadiene-styrene copolymer with 25% 
bound styrene and 0.3% divinyl benzene. Sample S was a butadiene—styrene copolymer with 
85% bound styrene. Sample K was a butadiene-acrylonitrile copolymer with 32% bound 


acrylonitrile. 
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Some properties of the miscellaneous polymers are listed in Table I, the 
butadiene-styrene (or related) copolymers in Table II, and the Butyl samples 
selected as typical in Table ITI. 


TABLE I 


PROPERTIES OF POLYMERS 


Intrinsic Branching 


viscosity factor Gel, 
{n] k’ % Comments 
Polystyrene 1.18 .33 —  Preheated to 280°F. before the Mooney 
run 
Polyisobutylene 
S.4230 .92 .38 — Conversion 51% 
S.4241 2.51 .37 — Conversion 52%; after Mooney run 
{n] = 2.51 
S.4182 5.06 .39 — Conversion 72% 
Polybutadiene, 
polymerized in emulsion at 122°F. 
T-4301-7 2.03 .43 — After Mooney run [yn] = 2.02, k’ = .41 
T-3357-6 2.25 .39 — After Mooney run [yn] = 2.19, k’ = .35 
TABLE II 
PROPERTIES OF BUTADIENE-STYRENE COPOLYMERS 
Intrinsic Branching 
viscosity factor Gel, 
[n] k’ % Comments 
Polymerized in emulsion at 122°F., 23% bound styrene 
DF.112 1.50 .36 0.7 Pilot plant batch, 62% conversion 
DF.110 1.82 .35 0.2 Pilot plant batch, 57% conversion 
B 2.37 .42 1.2 Plant batch, 72% conversion; 
after Mooney run [n] = 2.37, k’ = .40 
DF.114 2.20 34 1.0 Pilot plant batch, 59% conversion 
e >3 — 61.2 Plant batch, 73% conversion 
DF.108 2.96 .35 14.5 Pilot plant batch, 59% conversion 
DF.118 — — 36 Pilot plant batch, 60% conversion 
DF.105 — _- 58.6 Plant batch, 71% conversion 
DF.116 os - 47 Pilot plant batch, 59% conversion 


Polymerized in emulsion at 55° F., 23% bound styrene 


O 3.89 37 5.7 Supposed to be identical with DF.106 
coagulated with 45 oil: 100 polymer. 
Analysis based on oil-free sample 


A 2.17 .32 0.1 

DF.106 3.78 36 40.8 Plant masterbatch, 70% conversion 
Polymerized in emulsion at 122°F., miscellaneous types 

S 1.21 34 10.0 85% bound styrene 

X —_ _- 78.2 25% bound styrene+0.3% divinyl 


benzene 
K _ _ 39.7 32% acrylonitrile replacing all styrene 
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TABLE III 


PROPERTIES OF BUTYL RUBBER SAMPLES CONTAINING ABOUT 8% ISOPRENE COPOLYMERIZED 
WITH ISOBUTYLENE 








Intrinsic Branching 
viscosity factor Gel, 
[n] k’ % Comments 
B 1.10 .37 0.1 After Mooney run [yn] = 1.03, k’ = .36 
S 1.30 .40 1.3. After Mooney run [y] = 1.28, k’ = .39 





Intrinsic viscosities, [n], and the branching factor, k’, were both found from 
measurements of dilute solution of polymer in toluene (2, 3). The solutions 
were filtered to remove gel and then run in an Ubbelohde viscometer at 
25.0°C.+.02°. Concentrations were kept below 0.5 gm. per 100 ml. and k’ was 
calculated from the slopes of the viscosity curve using the relation: 


(In n,)/¢ = [n]—B[n]*c 
and k’ = (0.50—8) 


where 7, is the relative viscosity, c is concentration, and 8[n]* is the slope of the 
curve. 

The gel content of polymers was obtained by suspending a 75 gm. sample of 
polymer within a 100 mesh stainless steel wire cage in toluene at room tem- 
perature for 48 hr. The cage and residue were dried at 100°C. for one hour 
before weighing. 


THE COMPARISON OF ACTUAL MOONEY CURVES 


(a) Primary Peaks 

The outstanding feature of the Mooney curves of polystyrene and poly- 
isobutylene, Figs. 3 and 4, was the extremely sharp primary peak reached 
within four seconds from the start of shear. The curves of these two types were 
similar in general shape to that of a typical low-viscosity Butyl rubber with a 
low branching factor (see Butyl B, Fig. 7) but very different in shape from the 
curves of polybutadiene (Fig. 6). The primary peak of the polybutadiene 
curves for unmassed samples was not at all sharp and was not reached until 
some 10-17 sec. after shearing was started. 

A further set of Natural rubber samples was then run (Fig. 5). Raw pale 
crepe rubber, which is considered to be fairly pure polyisoprene polymerized 
without branches in a latex emulsion in the hevea tree, showed a sharp primary 
peak rather similar to polyisobutylene. This sample would probably have been 
rolled at least once. Smoked crepe, a less pure grade of latex dried under 
conditions which might be expected to lead to more cross linking, showed a 
broader peak than raw pale crepe. Balata gum, precipitated and purified, 
showed a sharp primary peak in spite of its low viscosity at 212°F., but the 
Gutta-percha sample, which contained some gums and resins other than pure 
rubber, showed again a flattened peak. These tests, though too few to be con- 
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clusive, suggested that the sharpness of the primary peak might be related to 
lack of branching in a polymer, or to some similar structural feature of the 
material, rather than to the process of manufacture. 


(b) Secondary Peaks 


It will be noticed from Figs. 1 and 2 that in addition to the primary peak a 
secondary rise may also appear in certain Mooney curves. In Butyl rubber 
samples this secondary rise occurred within one minute of the start of shearing 
and was dependent upon the temperature of the sample. Thus a sample which 
showed a pronounced secondary rise (Butyl C, Fig. 7) when run at 212°F. after 
one minute of conditioning showed less rise if the conditioning period were 
extended or if the temperature were raised. Low viscosity samples showed even 
less rise or none whatever. 

With GR-S samples and related rubbers, the secondary rise was also notice- 
able. However, with these materials it was seldom noticeable until after one 
and one-half minutes of shearing and often did not attain its peak until some 
four or five minutes had elapsed. With these rubbers the secondary rise was 
hardly affected by temperature change or conditioning period, but was cer- 
tainly increased by increasing molecular weight and increasing gel as Fig. 8 
and Table II show. 


THE COMPARISON OF PLUGS OF ACTUAL MOONEY SAMPLES 

To determine the particular reasons for these flow peculiarities, several 
experiments were devised. Samples of GR-S and Buty! rubber were evacuated 
for 24 hr. at 100°C. at a pressure around 10 mm. mercury. Nitrogen was then 
admitted at atmospheric pressure and the samples were allowed to cool in its 
atmosphere before they were run in the Mooney machine. Since no appreciable 
change in the flow curve resulted, it was concluded that entrapped air played 
little part in influencing the shape of the flow curves. 

A study of the decay of stress in the sample after shearing but while the 
sample was still in the machine was a little more useful. This indicated that 
no true structural effect occurred in Butyl rubbers to cause the secondary rise, 
but in GR-S samples a lasting change occurred in the sample during its shearing. 

Greatest progress was made by examining the sample plugs from the machine 
after a definite period of shearing. To do this Messrs. Storey and Briggs of 
Polymer Corporation devised a method of placing a different color of rubber in 
each half of the shearing cavity. Polyisobutylene was impregnated with a small 
quantity of carbon black to give some color to it. However, the GR-S samples 
had to be colored with chemicals, since milling with carbon black would 
destroy the original structure on which the secondary rise seems to depend. 
After it had been run for the desired time the machine was stopped and heated 
to 300°F. in order to allow a fairly permanent relaxation of each sample to occur 
so that the sample would not distort unduly when it was removed from the die. 

Drawings of the cross sections of these plugs are shown in Figs. 11 and 12. 

It will be seen that the plugs of polyisobutylene indicate a stretching of the 
sample at first, followed by flow of a streamline nature which started at the 
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Fic. 11. Drawings of cross-sections of actual sample plugs from the Mooney machine: 
Butyl (low viscosity) and polyisobutylene after 8 sec., 30 sec., and 4 min. shearing (i.e. one 
quarter, one, and eight revolutions). 
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Fic. 12. Drawings of cross-sections of actual sample plugs from the Mooney machine: 
GR-S (i.e. butadiene-styrene copolymers with 23% bound styrene) of low and high viscosity 
after 8 sec., 30 sec., and 4 min. shearing. 


outside of the rotor. As time went on the sample seemed to wind up around 
the axis of shear and the streamlines approached the center. After four minutes 
there was some indication of breakup in the flow units. The flow planes of low 
viscosity Butyl rubber were also streamline in their nature. 
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In the case of the plugs of GR-S rubber, extension was again visible, but to 
a much smaller extent than in Butyl or polyisobutylene. With the extension 
was definite evidence of slippage along certain slip planes at fixed distance from 
the center. This, apparently, was the cause of flatness in the primary peak 
which has been noted above. After about 30 sec. of shearing, the GR-S samples 
showed signs of a peculiar turbulence or nodulizing which became more and 
more apparent with time. This coincided with the period of ‘‘secondary rise’’. 


DISCUSSION OF RESULTS 


If these results may be taken as typical of the classes of rubber from which 
they are taken, it will be agreed that these synthetic rubbers fall into two 
classes: those which exhibit substantially a streamline type of flow after high 
extension in the Mooney chamber, and those which exhibit slip with the 
primary extension followed by granulation or ‘‘turbulence”’ in the main flow 
section. These two forms of flow may be used to explain most of the curves 
obtained during the survey of the various polymers. 

Upon consideration of the primary peaks it is suggested that emulsion- 
produced polymers have lines of low resistance to shear running between the 
emulsion granules. If the polymer has been massed these granules will be broken 
open to some extent. Also, if the polymer is linear in structure it is suggested 
that there would be a greater tendency for granules to become uniformly 
interlinked by heat motion. With branched chains the granules would more 
probably retain their identity and hence one would expect a greater extension 
of slippage upon the original extension since the granules would only be 
intertangled by free ends of polymer chain. That some such correlation between 
branching and time to primary peak does occur is shown by Fig. 13 in which 
branching is measured by k’ determinations from dilute solution viscosity 
in toluene. 


BRANCHING FACTOR k' 





TIME TO PEAK IN SECS. 


Fic. 13. The variation between the branching factor k’ and the time to reach Mooney peak. 
The upper line is for plant samples, the lower line for pilot plant batches. All samples were 
butadiene-styrene copolymers with 23% bound styrene. The square points indicate samples 
polymerized at 55°F.; all others were polymerized at 122°F. 
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As flow continues these emulsion granules apparently tend to form larger 
aggregations which give the appearance of turbulence of flow. The turbulence 
is not in this case precisely the same as turbulence of ordinary liquids, and the 
Reynold’s number as ordinarily used probably does not apply. However, the 
tendency of GR-S polymer to flow along certain slip planes will raise the rela- 
tive velocity of different parts of the sample to high local values and increase 
the granular appearance which results. It is also suggested that increased 
branching or entanglement (looping of chains) will increase the apparent 
turbulence and so give a greater secondary rise to the shearing force. This is 
borne out by Fig. 8, in which the secondary rise clearly increases with the 
increase in molecular weight (and gel content) of the polymer. 
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ON THE FRICTION OF RUBBER COVERED WHEELS ON ICE! 
By C. D. NIVEN 


ABSTRACT 


The friction between a small rubber covered wheel and ice was examined. 
Amontons’ linear relation between load and frictional force was found to hold at 
20°F. and lower. There was a distinct indication that on wet ice soft rubber 
gripped better than harder rubber. However on wet ice and on ice just below the 
freezing temperature friction was so low that the squeezing down of the rubber 
under load vitiated results. The work suggested that a pneumatic tire must be 
used as a test sample if road conditions are to be duplicated. 


INTRODUCTION 

Serious accidents occur due to the slipping of rubber-tired wheels on ice. 
Little is known about the principles underlying this phenomenon. Rubber and 
ice both have exceptional friction qualities. Roth, Driscoll, and Holt (3) have 
studied the friction of rubber on steel and on some other surfaces, while both 
Thirion (6) and Schallamach (4) have experimented with rubber sliding on 
glass and Denny (1) has done some work on rubber sliding on wet glass. 
Pfalzner (2) examined in this laboratory the friction of flat samples of natural 
and synthetic rubbers sliding on ice but the behavior of rubber-tired wheels 
on ice has been largely overlooked by experimental physicists up to the 
present time. 

Indeed much of our information on this point comes from those who have 
had winter driving experience and one of the frequently quoted of drivers’ 
observations is that a heavy vehicle is apt to slip less than a light one but that 
once it has started slipping it will slip worse. An attempt which the writer made 
to verify this using flat samples of rubber indicated that sliding samples were 
unsatisfactory. Heavily loaded rubber samples would not slide smoothly on the 
turntable at any rate when it was turning slowly. Under such conditions the 
experiment demonstrated a fine example of the stick-slip motion and on one 
occasion when the temperature was low enough to freeze the melted surface 
almost as soon as the sample had passed over, an even pattern of ripples 
frozen on the surface of the track could be seen. Apart from the difficulty of 
making any good estimate of the drag value when a sample is jerking the 
balance violently, the measurement of friction on a ripple covered track was 
out of the question. Under warmer conditions, especially if the turntable was 
speeded up, the sample could be made to run fairly smoothly but close examina- 
tion of the track revealed that under these circumstances there was moisture 
on it. The test then simply referred to the friction of ice at 32°F. and of course 
gave a nice demonstration of power consumed by the motor, which drove the 
turntable, ending up as heat energy melting ice. 

It was clear that the use of a rolling sample was unavoidable and with this 
in view apparatus was designed for measuring the force parallel to the surface 
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of the ice which the rubber exerted just at the moment when slipping occurred. 
The term rolling friction has been avoided because Tabor (5) has used this to 
describe the friction between two surfaces separated by a rolling body. 

The use of a wheel in place of a flat sample introduced another difficulty. 
The wheel was covered witha } in. layer of rubber and this squeezed down under 
heavy loading to form a flat on the circumference of the wheel. The result was 
that the wheel acted as a runner rather than as a roller and defeated to some 
extent the purpose of using the wheel at all. The rubber on the wheels was 
accordingly machined off to give a covering merely 7g in. in thickness. This did 
not entirely stop the formation of a flat portion and far lighter loadings had 
to be used than were first intended. The work described below concerns loads 
up to only about six or eight kilograms on wheels 13 in. in diameter. 


EXPERIMENTAL METHODS 


The apparatus consisted essentially of a spindle on which were mounted 
the test wheel and a small drum as shown in Fig. 1. Around this drum was 





Fic. 1. Assembly drawing of mounting and spindle carrying rubber covered wheel and drum. 


wrapped a string which was then passed over a pulley mounted on ball bearings. 
A weight pan was attached to the end of the string; the arrangement is shown 
diagrammatically in Fig. 2. The spindle carrying the wheel and drum turned on 
ball bearings in a bracket attached to the underside of the heavy arm on the 
turntable described in a previous communication. This arm was so heavy 
that special provision had to be made by means of an overhead pulley on ball 
bearings to reduce the weight. 

The test was conducted as follows: After adjusting the loading which was 
to be put on the wheel, the string was wrapped around the drum about twice 
and the wheel put down on the ice surface. Weights were put on the pan and 
the wheel gently rolled back and forth on the ice. This was done by moving 
the arm in a horizontal direction: it was only necessary to turn the wheel 
through an angle of 15° or 20°. If it rolled and did not slide then more weight 
was added to the pan; if it slid and would not roll or if the weight pan fell to 
the padded stop, then too much weight was on the pan. The critical force was 
calculated from the value of the largest weight on the pan which would permit 
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Fic. 2. Diagrammatic illustration of the experimental arrangements. 


rolling. The turntable was turning during the machining of the flat ice surface 
but was still during the actual test. 

The wheels used for the tests were brass wheels 14 in. in diameter and 1 in., 
3 in., and } in. in width. These were covered with rubber which was then 
machined off to give a covering of 7g in. A rubber of the normal hardness used 
for a tire tread was used, but in order to compare with this a softer rubber, a 
second 3 in. wheel was provided and covered with a softer rubber. These four 
samples are referred to below in the charts showing the results as ‘‘one-inch 
hard”’, ‘‘half-inch hard’’, ‘‘quarter-inch hard”’, and ‘half-inch soft’. 

The National Research Council’s Rubber Laboratory prepared the samples 
of rubber and have supplied details in this connection which are given in 
Table I. The hardness was measured on a Shore Durometer Type A. 











TABLE I 
Sample Hard Soft 

Shore hardness value 65 50 
Composition 

Polysar Krylene 100 100 

Circosol 2 XH 5 5 

Neozone D 1 1 

Zinc oxide 5 5 

Philblack O 50 20 

Sulphur 1.75 1.75 

Santocure 1 1 
Preparation 


Cure one hour; raise to 310°F.; one hour at 310°F. 
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Deciding the end point of the rolling motion and the starting point of the 
sliding motion was sometimes not easy because this was not precise at milder 
temperatures. At zero temperatures on the other hand it was fairly definite 
because after the limit of friction had been exceeded, the grip would suddenly 
let go and the pan would fall to the padded stop. When the apparatus behaved 
in this way repetition of the results was good. At mild temperatures, however, 
if the loading arm was moved in a horizontal direction, the wheel would slip 
through a small angle owing to the tension on the string, and then grip. When 
the arm was moved again the same thing would be repeated, with the result 
that it was very hard to decide whether the wheel was gripping or not at that 
particular string tension. On wet ice an extreme example of this turn-grip 
motion could be observed when a wheel would keep turning continuously at a 
very slow speed as though the surface were covered with a very viscous grease. 

To complicate matters in the milder temperature range, once a wheel had 
started slipping, the conditions of test might change. The wheel would be 
moistened with the water melted during momentary slipping while the surface 
would have lost some of its grip. It was then desirable to move the turntable 
to get a new piece of ice and to use a dry part of the rubber wheel. The rubber 
wheel appeared to have a polishing action at these temperatures when it 
slipped—an observation which tallies with driving experience at a ‘“‘stop”’ sign. 
Rolling rubber on the other hand does not polish but was observed to even 
roughen the surface when the turntable was made to revolve with the rubber 
wheel running freely. The two motions can be compared to drawing a knife 
along a piece of butter or lifting it off at right-angles to the surface. 

The ice surface used for these tests had always stood overnight after being 
machined, because it was found that at mild temperatures machining even 
with a smoothing tool could increase the friction quite markedly. This increase 
gradually disappeared in the course of a few hours while the surface became 
obviously glossier. At zero temperatures on the other hand the effect of such 
machining was unimportant. 

RESULTS 

The results are shown in Figs. 3, 4, 5, and 6 where limiting frictional force 
at the surface of the ice is plotted against load. Each set of graphs refers to a 
particular wheel while the different graphs of a set correspond to different 
temperatures. Observations which have been repeated once, twice, or three 
times have respectively a small, medium, or large circle or marker around each. 
At lower temperatures a linear relation seems to be indicated: the curvature, if 
any, is away from the load axis. 

At 30°F. the results are more complicated. The points are dotted over a large 
area giving a spread that is itself comparable with the smaller values. As a 
general rule a high frictional force value at low loading corresponds to high 
force values at higher loadings so that if each set of readings had been plotted 
independently the graphs would fan out from the origin. The spread is least 
for the half-inch soft sample and greatest for the quarter-inch hard sample 
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Fic. 3. Graphs showing limiting frictional force at various temperatures plotted against 
load for a brass wheel 14 in. in diameter and 1 in. in width covered with 7, in. layer of rubber 
of hardness 65 on Shore durometer. 

Fic. 4. Graphs showing limiting frictional force at various temperatures plotted against 
load for a brass wheel 1} in. in diameter and } in. width covered with , in. layer of rubber 
of hardness 65 on Shore durometer. 


with one very high point at the high loading. Generally speaking these graphs 
at 30°F. curve toward the load axis and so the curve which has been drawn 
on the chart to represent the average behavior of the wheel at 30°F. has also 
been drawn with a marked curvature towards the load axis. 

Some measurements on wet ice were attempted but these presented difficul- 
ties. As far as could be judged the frictional force on hard wet ice was the same 
for all three loadings on the hard samples, but for the soft sample increase of 
friction accompanied increase of load. The width of the hard samples did not 
appear to be important, but what was of interest was that the soft sample had 
about double the friction of the hard sample under the 8.4 kgm. loading. 

The curving of the graphs in the milder temperature range may possibly 
be a spurious effect due to the compression of the rubber and the question 
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Fic. 5. Graphs showing limiting frictional force at various temperatures plotted against 
load for a brass wheel 1} in. in diameter and } in. in width covered with #, in. layer of rubber 
of hardness 65 on Shore durometer. 

Fic. 6. Graphs showing limiting frictional force at various temperatures plotted against 
load for a brass wheel 1} in. in diameter and 3} in. in width covered with ;; in. layer of rubber 
of hardness 50 on Shore durometer. 


arises as to whether a pneumatic tire would act in the same manner. The 
curvature at lower temperatures away from the load axis is not large enough 
to warrant the suggestion that Amontons’ Law be violated in that region of 
temperature, and indeed it is of interest to note how closely many of the 
repeated points obey a linear relation. One may therefore conclude that 
Amontons’ Law is obeyed at 20°F. or lower. In mild temperatures the heavier 
the load the less the grip in proportion. 

The results failed to show that softness of rubber and width of tire are of 
great importance on cold dry ice: only a small advantage was found. It was on 
wet ice that the soft rubber showed up to real advantage. 

Using the data given on Fig. 3, Fig. 7 has been constructed and shows how 
the frictional force at a particular loading increases with decrease of tempera- 
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Fic. 7. Graphs constructed from data on Fig. 3 showing how limiting friction force at a 
particular loading varies with ice temperature. 


ture. The curves are not linear and the increase in frictional force in the 30° 
to 20°F. range is about twice as large as it is in the 10° to 0°F. range. 

The work has failed to prove that at high loadings the grip of a rubber 
wheel on ice is relatively better than at low loadings and has in fact indicated 
the reverse in mild winter temperatures; it is concluded that the experimental 
conditions described above do not duplicate road conditions sufficiently well, 
and that a pneumatic tire and a wheel of much larger radius are necessary as 


a test sample instead of a small rubber covered brass wheel. 
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CALCULATED RADIATION CHARACTERISTICS 
OF SLOTS CUT IN METAL SHEETS! 


By JAMEs R. Wait AND R. E. WALPOLE 


ABSTRACT 


Calculated radiation patterns are presented for an axial slot cut in a thin 
elliptic cylinder of perfect conductivity. The radiation conductance of the slot is 
also computed and is seen to be an oscillating function of the width of the thin 
elliptic cylinder. The patterns and conductances for a slot on a semi-infinite 
sheet are also calculated. 


INTRODUCTION 

The radiative properties of slots cut in metal conducting surfaces are now 
extensively utilized in microwave radiating systems. It is often assumed, for 
purposes of design, that the metal surface can be regarded as infinite in extent 
and thus the radiation diffracted around the edges is neglected. This can be a 
serious source of error. 

When the conducting surface is in the form of a sheet or a plate, it is reason- 
able to expect that an elliptic cylinder is a good representation if the eccen- 
tricity is large. It would then seem desirable to investigate the radiation 
characteristics for slots cut in such idealized surfaces as a step toward the more 
complete evaluation for surfaces of arbitrary shape and limited extent. 

In a previous paper (10), a derivation was given for the electromagnetic 
field produced by an arbitrary slot cut in the surface of an elliptic cylinder of 
perfect conductivity and infinite length. The electric field tangential to the 
slot was assumed to be a prescribed function. When the results were specialized 
to the far zone region and to axial or transverse slots, agreement was obtained 
with the earlier results of Wong (11) who employed a different method. In the 
present paper calculated radiation patterns are presented for narrow axial 
slots on thin elliptic cylinders. For sake of completeness the corresponding 
patterns for a slot on a semi-infinite conducting plane sheet are also computed. 


FIELD OF THE AXIAL SLOT 

The perfectly conducting cylinder is taken to be of infinite length with major 
axis 2a and minor axis 20. If the cylinder axis is coincident with the z axis of a 
rectangular coordinate system (x, y, ), the surface of the cylinder is specified 
by 
[1] x?/a?+y?/b? = 1. 
As in the previous paper (10), it is convenient now to introduce elliptic cylinder 
coordinates (u, v, z) which are defined by the following transformation: 

x = dcosh u cosz, 

[2] y = dsinh usin zy, 


ll 


oz @ 
= = ms 


‘Manuscript received January 17, 1956. 
Contribution from the Radio Physics Laboratory, Defence Research Board, Ottawa, Canada. 
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where 2d is the distance between the foci of the ellipse. The foci are located at 
the points (x = +d, y = 0). The surfaces u = constant represent a family of 
confocal cylinders of elliptic cross section. The semimajor and semiminor axes 
of the ellipse u = uo are given by 


a = dcosh u%, 
b = dsinh u. 


(R, 0,9) 


a 


rents 





FIG. 


Fic. 1. Coordinate system for thin elliptic cylinder of width 2d with narrow axial slot. 


A narrow rectangular slot is located on the cylinder at v = v9 extending from 
z = —l to g = +1 in the axial direction. As a result of the assumed small 
width of the slot, only the transverse voltage V(z) along the slot contributes 
to the radiated fields. From previous analyses (10, 11) it then follows that, in j 
terms of spherical coordinates (R, 0, @), the electric field at large distances 
from the cylinder has only a significant ¢ component and is given by 


[3] Es = (2/r)* exp(—ikR+iwt)R-! S(0) P(8, ¢) 


where } 


ksing (t! : : 
[4] S(0) = ° V(2’)exp (ik cos 62’ )dz’ 
-3 
with k = 2x/wavelength, and S(6) is the pattern of the slot if it were cut in an 
infinite plane conducting sheet. The factor P(@, ¢) which accounts for diffrac- 
tion by the elliptic cylinder, in the far zone (i.e. RR > 1), is given by the 
rather cumbersome expression : 





oo 


. a” S€,0m (C, COS Vo) S€,0m(c, COS >) 
[5] P(, $) 2 NE°%c) [dH dm(c, cosh uo) /Auo] 








-™ cr 


we 


ay 
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where c = kd sin @. The functions Seo, Hele, and N*? are the angular, 
radial, and normalization constants, respectively, of the Mathieu functions of 
order m. The double suffix e,o indicates that the summation takes place over 
both even and odd Mathieu functions. 

It should be noted that the function P(c, ¢) is independent of the voltage 
distribution V(z) along the narrow axial slot. This function can be called the 
“elliptic-cylinder space factor’’ as it fully describes the effect of the finite 
width of the conducting surface on which the slot is located. 

The function P(c, ¢) when plotted as a function of @ characterizes the azi- 
muthal radiation pattern for a fixed value of c = kd sin @. Since in certain 
practical microwave radiating systems slots are cut in surfaces which can be 
approximated by elliptic cylinders, it is worth while to carry out computation 
of P(c, @) for various values of c. To simplify the calculations, only the case 
of a very thin elliptic cylinder is considered. That is b < a and therefore cosh uo 
in equation [5] can be replaced by unity. The infinite series solution can now be 
simplified by making use of the following identities (5): 


[6] [aHe® (c, cosh u)/OuU]yne = —i/Jem(c, 1) 
and 


[7] Py i” Sém(C, COS V0) S€m(C, COS &) Jém(c, 1)/N%,(c) = (82) texp (ic cos v9 cos¢). 


m=(0 


The space factor for the thin elliptic cylinder is then written in the form: 
[8] P(c, ¢) = i(8r) exp (ic cos v9 cos ¢) 
4 > a ©” SOm(C, COS ¥ 0) S0m(¢, cos ) cos ¢) 


N32, (c)Ho® (ec, 1) 
where 


Hom (c, 1) = [AHom’ (c, cosh #) /3t] mo 


The function |P(c, @)| is then plotted as a function of ¢ in Figs. 2 to 6 for 
c = kd sin @ taking values of 1, 2, 4, 6, and 8 with v) = 90°. These patterns are 
symmetrical about v = 90° since the slot in this case is located at the center 
of the thin elliptic cylinder. It can be noted that the rear lobes become smaller 
and more numerous as the width 2d increases. 

Computations were also carried out for the case where the axial slot is dis- 
placed from the center line by an amount d/2. The angular location of the slot 
is then at 9 = 60°. The function |P(c, ¢)| is shown plotted for this case in Figs. 
7 and 8 for kd sin @ = 2 and 4 respectively. It is to be noted that the pattern 
is now asymmetrical and the maximum is tilted away from the broadside 
direction. 

The patterns shown in Figs. 2 to 8 are generally applicable to any narrow 
axial slot on the elliptic cylinder. To completely describe the three-dimensional 
pattern, of course it is also necessary to specify S(@) which depends on the 
functional form of V(z). As an example, computations are carried out for the 
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FIG. 3 nr 290° 


Fic. 2. The azimuthal radiation pattern for the slot located at the center of the broad face 
of the thin elliptic cylinder with 2d sin @ = /z. 

Fic. 3. The azimuthal radiation pattern for the slot located at the center of the broad face 
of the thin elliptic cylinder with 2d sin @ = 2\/x. [For v = 90° read vp» = 90°.] 
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Fic. 4. The azimuthal radiation pattern for the slot located at the center of the broad face 
of the thin elliptic cylinder with 2d sin @ = 4X/z. 

Fic. 5. The azimuthal radiation pattern for the slot located at the center of the broad face 
of the thin elliptic cylinder with 2d sin @ = 6/7. 
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FiG. 6 No = 90° 


Fic. 6. The azimuthal radiation pattern for the slot located at the center of the broad face 
of the thin elliptic cylinder with 2d sin @ = 8\/zx. 


principal elevation pattern (i.e. ¢ = 90°) for the centrally located slot 
(i.e. ¥9 = 90°). For convenience it is assumed that the voltage along the slot is 
sinusoidal such that 


oe sin k(/—|z]) 
[9] ad 


where V» is the voltage at the center of the slot and consequently, for 2/ = \/2, 


we cos(47 cos @) 
[10] S(@) = Vo ae 


The principal elevation patterns for the case kd = 2 and 4 are then plotted in 
Figs. 9 and 10. 


CONDUCTANCE OF THE AXIAL SLOT 


It is of some interest to compute the radiation conductance of an axial slot 
on the thin elliptic cylinder. Again for convenience the slot is assumed to have 
a sinusoidal voltage distribution and a length equal to \/2. The conductance G 
is defined in the usual way by calculating the power radiated P from the slot 
crossing an infinite sphere such that 


[11] G = 2P/V.? 

with 
1 Qe © oe 

[12] oP = — |E,|’R’sin 6 do d¢ 
No Jo 0 
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Fic. 7. The azimuthal radiation pattern for the slot offset by an amount d/2 from the 


center of the elliptic cylinder with 2d sin @ = 2A/z. 
Fic. 8. The azimuthal radiation pattern for the slot offset by an amount d/2 from the 


center of the elliptic cylinder with 2d sin @ = 4X/z. 
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FIG. 10 kd: 4 
Ae=90° 


Fic.9. The principal elevation patterns for the slot on the thin elliptic cylinder for 2d = 2/r. 
Fic. 10. The principal elevation patterns for the slot on the thin elliptic cylinder for 2d =4\/r. 
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and 9 = 1207 ohms. Employing the orthogonality relation (5) 
2r 
0 for n + m, 
[13] J S0m(c, cos @).S0,(c, cos )dd = Nitti haem, 


it follows that 


co 


Ri as * cos’ (4 cos 8) [Som(c, Cos v)]° | 
é = vo. 2. ee ee RrO / NIT? 5 “cae e 
cae [73 ei wo J Lv (c) |Ho®” (c, 12 


= . 
no sin 6 m m 


It can be noted here that when c tends to zero corresponding to a vanishingly 
small elliptic cylinder, the summation term approaches zero and therefore 


[15] G)kas0 = 73.13/90? mhos 
= 0.517 millimhos. 


It can be immediately recognized that the value 73.13 can be identified with 
the radiation resistance in ohms of the complementary half-wave wire antenna. 
This simple equation is a statement of Babinet’s principle. 

For large values of c it is not apparent what the limiting value of the infinite 
series should be. However, in the limiting case of very large kd, the elliptic 
cylinder is equivalent to an infinite plane conducting surface as far as the slot 
is concerned. Following the reasoning of Booker (1) and remembering that the 
slot radiates only on the one side of the sheet, it would be expected that 


[16] G)kaso = 2 X 73.13/n0? mhos 
= 1.033 millimhos. 


The conductance G for intermediate values of kd is computed by a numerical 
integration of equation [14]. The result for the case of the centered half-wave 
slot (i.e. v% = 90°) is shown plotted in Fig. 11 for kd varying from 0 to 10. It is 
quite clear that the conductance is approaching the limiting value of 1.033 for 
the larger kd. The ripples in the curve can be interpreted as the effect of reflec- 
tions of the primary field of the slot from the edges of the thin elliptic cylinder. 
In fact, it can be noted that the period of these ripples is very close to rz. 

It is worth while to compare these results with a corresponding calculation 
carried out previously (8) for the conductance of an axial slot on a circular 
conducting cylinder. In that case the conductance plotted as a function of the 
radius of the cylinder was a monotonically increasing function between the 
limiting values of 0.517 and 1.033 millimhos. Presumably the primary excita- 
tion of the slot is not appreciably reflected from the smooth curvature of the 
circular cylinder. 


COMPARISON WITH SLOT ON KNIFE EDGE 
It has probably occurred to the reader that the conducting elliptic cylinder 
with a vanishing minor axis is somewhat similar to a thin flat ribbon. With this 
in mind it would seem reasonable to expect an axial slot near the edge of a large 
ribbon or plate to be adequately represented by a semi-infinite, thin, perfectly 
conducting plane sheet or knife edge. It is worth while to investigate this 
problem in some detail. 
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Fic. 11. The radiation conductance of a narrow half-wave slot at the center of the elliptic 
cylinder. 


With reference to Fig. 12, the slot of length 2/ is located on the perfectly 
conducting sheet defined by ¢ = 0, at a distance p from the edge. As in the 
case of the thin elliptic cylinder the slot is assumed to be narrow and radiates 


(2,69) 


FIG. 12 


Fic. 12. Coordinate system for semi-infinite conducting plane or knife edge with narrow 
axial slot radiating from one side. 


at 
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only on one side of the sheet. The radiation or far-zone field at (R, 0, ¢) 
due to a specified transverse voltage V(z) along the slot could be obtained 
rather indirectly from the formula for diffraction of a plane wave by a knife 
edge. In this case it would be necessary to generalize Sommerfeld’s classical 
solution (7) to oblique incidence and then properly apply the reciprocity 
theorem. Such a procedure has been employed by Sinclair (6) and others in 
similar problems. Another approach is to treat the problem directly by con- 
structing a suitable solution to the wave equation and ensuring that it satisfies 
the radiation conditions and reduces to the prescribed tangential electric field 
on the surface of the screen. This method was applied previously to an arbi- 
trary slot on the surface of a cylindrically tipped wedge (9). The far-zone 
field was obtained by applying the saddle-point method to the infinite integrals 
in the general solution. Clearly the slot located on the sheet and parallel to the 
edge is a special case where the radius of the tip is zero and the wedge angle is 
2x. This particular result can then be written down here immediately: 


[17] Ey = 1(2rR)~! exp(—tkR+iwt) S(6) Q(g, ¢) 
where S(@) is defined by equation [4] and 
[18] Q(g, 6) = 42) eni”“cos(mo/2) Jma(g) 


where g = kpsin @ and €) = 1, €m = 2 for m ¥ 0. Fortunately, infinite series 
of this type can be transformed to a closed form (4), so that 


191 Q(g, &) = e% °** Fl (2g)'cos(¢/2)] 


where F(p) is a Fresnel integral defined by 


Dp 
[20] F(p) = (i/r)* J exp(—it’)dt. 
The function lO(g, ¢)| which characterizes the azimuthal pattern is plotted as a 
function of ¢ in Figs. 13 to 18 for values of g = kp sin @ of 32 to 5x. 

It is rather interesting to compare these patterns with those for the thin 
elliptic cylinder or ribbon. As would be expected the patterns of the slot on the 
semi-infinite sheet are quite asymmetrical and there is no lobe structure in the 
geometrical shadow (i.e. ¢ > 180°). There is a lobe structure, however, on the 
illuminated side (i.e. ¢ < 180°) which becomes more complex as &p sin 6 
increases. In fact it appears that the number of lobes is approximately equal 
to one-third the value of kp sin @. In the case of the slot on the thin elliptic 
cylinder or ribbon, the number of lobes is approximately equal to kd sin @ 
including the smaller rear lobes. 

The conductance G of the \/2 slot on the conducting screen is found in the 
manner described for the thin elliptic cylinder. Employing the orthogonality 
relation 


= Oifm # n, 
= 2r/emnif m = n, 


[21] ff cos(me/2) cos(n@/2)d¢@ 
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FIG.14 P Sin6=0.50A 


The azimuthal radiation pattern for the slot on the knife edge for p sin 0 
The azimuthal radiation pattern for the slot on the knife edge for p sin @ 
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FIG. 16 P Sin O=1.5X 


The azimuthal radiation pattern for the slot on the knife edge for p sin @ 
The azimuthal radiation pattern for the slot on the knife edge for p sin @ 
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240° 270° 300° 330° 
FIG.18 P Sin 8-25) 


Fic. 17. The azimuthal radiation pattern for the slot on the knife edge for psin@ = ‘ 
Fic. 18. The azimuthal radiation pattern for the slot on the knife edge for psin @ = 2.5). 
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it follows that 


- 8 . co 2 
[22] iu a { AO La O08 8) Den Snsa(Rp sin 8) db 





The evaluation of the infinite series is somewhat simplified if it is noted that the 
summation over the even terms is expressible in closed form (2), that is, 


[23] Yi Tnp2(x) = ] 


m=0, 2,4... 
and therefore 
~ 1 * cos’(4 ; 6 = 2 ° 
[24] G=3 | 73.13-+120 J eee St tie aio | , 
70 0 sin 6 m=1,3,5... 

The limiting values of G for very small and very large values of kp are 0.517 and 
1.033 millimhos, respectively. Employing numerical integration for inter- 
mediate values of kp the results are shown plotted in Fig. 19. Again the ripples 


CONDUCTANCE G-(milli mhos) 





6 ? 6 
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kp 

Fic. 19. The radiation conductance of a narrow half-wave slot parallel to and a distance p 
from the edge of a knife edge. 


in the curve can be attributed to a reflection of the primary field of the slot 
with the edge of the sheet. The behavior of the function G in this case is very 
similar to that shown in Fig. 11 for the slot on the thin elliptic cylinder. 

Asa result of the geometrical similarity between a knife edge and vanishingly 
thin elliptic cylinder it is natural to expect a close connection between the 
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diffraction phenomena for the two cases. In fact this has already been demon- 
strated for the case of the conductance. To further illustrate the relation it is 
worth while to treat the thin elliptic cylinder as being equivalent to two knife 
edges. In other words, the diffraction from the slot by each edge will be assumed 
to be given by the formula appropriate for a semi-infinite knife edge. By super- 
imposing these two components of the scattered fields, an approximate expres- 
sion is obtained for the resultant field. The accuracy of the procedure can be 
expected to improve when the width of the thin elliptic cylinder becomes large. 

Employing the same coordinate system (R, 0, ) as was used for the far 
fields of the slot on the thin elliptic cylinder it follows that 


[25] E, = i(2xR)—' exp(—ikR) S(0) T(g, %) 
where 

(26] T(g, ) & {Fl (2g)'sin $¢]+F[(2g)'cos $4]—1} 

for 0 < ¢ < 180° and 

(27) T(g, ) & {F[—(2g)*sin 34]+F[+ (2g)'cos $]} 


for 180° < ¢ < 360° with g = kdsin@. The expressions given above for 
T(g, @) must be considered semiempirical as no rigorous mathematical justifi- 
cation can be given for them. It should be noted that there is a discontinuity 
in T(g, ¢) at 6 = 180° and 360° which of course does not exist in reality. It is, 
however, of the order of g~*” and is not of any practical consequence for larger 
values of kd. As an example, the function T(g, ¢) is plotted in Fig. 20 for g = 6. 


(20° $=90° 60° 









kA 


210° 240° 270° 300° 3x" 
FIG. 20 Aad sin @=6 


Fic. 20. The approximate pattern for the slot on the thin elliptic cylinder for 2d sin @ = 6\/r. 
The dashed sections of the curve are interpolated. 
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This pattern can be compared with the more exact calculated pattern in Fig. 5. 
The general shape of the pattern is the same. The agreement is somewhat 
poorer for smaller values of g. It is not possible to estimate the accuracy of 
this approximate procedure for much larger values of g, since the numerical 
work involved in evaluating the rigorous series solution in equation [14] is 
prohibitive. It can be expected, however, that for g > 10 the interaction 
between the two knife edges would be negligible. Recent experimental work of 
Frood (3) confirms this viewpoint. 


CONCLUDING REMARKS 


In any practical arrangement for slots on metal sheets, the dimensions are 
finite in the longitudinal direction as well as the lateral direction. It can be 
expected, however, that only the edges of the sheet parallel to the slot will 
appreciably effect the pattern and the conductance. For example, if a slot is 
cut in the center of a rectangular metal plate the primary radiation of the slot 
is predominantly in the broadside direction so that diffraction or scattering 
by the ends of the plate is small compared to the contribution from the parallel 
sides. In fact, recent experimental tests by Frood (3) indicate that if the length 
of the plate is equal to or greater than the total width, the pattern is within 
a few per cent of the corresponding theoretical pattern for a plate of infinite 
length. 

Another important practical consideration is the method of feeding the slot 
and its effect on the pattern. In all cases discussed here, the slot is assumed to 
radiate only on one side of the sheet. In a practical scheme this requires that 
the slot is fed by a waveguide which itself is necessarily located on the rear 
side of the sheet. The theory neglects the diffraction by any obstacle such as 
waveguide assemblies behind the sheet. Further experimental work indicates 
that it is not a serious source of error as long as the width of the sheet is at 
least twice as wide as the broad dimension of the guide. 
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A NEW TYPE OF IMPACT MACHINE FOR EVALUATING 
SENSITIVENESS OF EXPLOSIVES' 


By P. E. Brarp? AnD R. C. LANGILLE? 


ABSTRACT 


An explosive charge and a number of small steel balls are oscillated in a steel 
cylinder which is closed except for a small opening which communicates with a 
manometer. Minute amounts of explosive situated at the points of contact 
during collisions may detonate, and pressure changes occur as a result of the 
accumulation of gaseous products of decomposition. Relative rates of increase 
of pressure at a fixed frequency of oscillation form a convenient basis for 
making comparisons of explosive materials. Values of sensitiveness of well-known 
explosives tested in this apparatus are in an order which corresponds with that 
expected as a result of practical experience. The machine was developed with 
the object of producing a statistical evaluation of explosibility and at the same 
time of eliminating much of the time and labor usually involved in such 
procedures. 


INTRODUCTION 


In the usual methods of determining the impact sensitiveness of explosives 
the sample is subjected to the blow from a falling weight (1, 4, 5, 6, 8). Appara- 
tus design varies considerably, and the sensitiveness of one explosive relative 
to that of another is often very dependent on the geometry of the machine 
(2). The situation is further complicated in that noise, smoke, odor, and other 
signs of decomposition are usually all accepted as criteria of explosion or 
nonexplosion. These factors, however, are often weighted differently by diff- 
erent operators and for different explosives. In the Rotter impact machine 
used at Woolwich, England, the dependence on the operator’s interpretation 
of such criteria is overcome by recording the volume of gas evolved in each 
trial. This principle is an essential feature of the present machine. 

The sensitiveness of one explosive relative to that of another, in the case of 
measurements with most falling-weight machines, is expressed in terms of 
the ‘50% height’, i.e., the height of fall of the weight for which explosions 
occur in 50% of the trials, since this is the most convenient height to use for 
such machines. Actually, comparison at a low percentage height is more 
useful for evaluating the danger of handling explosives since it approaches 
more nearly the ‘‘zero % height’’, or maximum shock which never results in 
an explosion. Although the preferability of the latter region is recognized, the 
difficulty in making reliable comparisons between a known and an unknown 
explosive on falling-weight machines is much greater in this than in the 50% 
height region. The number of trials made in such comparisons is necessarily 
restricted by the tedious and time-consuming nature of the procedure. In the 
device described here, however, the equivalent of a very large number of 

1Manuscript received in original form July 20, 1954, and, as revised, February 21, 1955. 
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3Defence Research Telecommunications Establishment (Radio Physics Laboratory), Ottawa, 
Ontario. 
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trials at a low percentage height may be achieved with very much less labor 
and uncertainty. The machine thus claims to provide, for an equivalent 
amount of time and labor, a much better statistical evaluation of the relative 
explosibility of two materials than is possible with the conventional machines. 

A sample of explosive and a number of steel balls are shaken in a steel 
cylinder capped at both ends. The pressure due to gaseous products of explosion 
is recorded, the rate of shaking being variable. Explosives have been compared 
on the basis of the rate of gas evolution for a given rate of shaking, and also 
the rate of shaking for a given rate of gas evolution. 


APPARATUS AND PROCEDURE 


The apparatus is illustrated in Figs. 1 and 2. Two identical gas-tight cylin- 
ders are mounted side by side on an oscillating platform and connected to a 
differential mercury manometer J. A second manometer H is used to adjust 





Fic. 1. Arrangement of cylinders on oscillating platform. Tubes A and B connect, through 
spirals C and D, to the manometers shown in Fig. 2. The flywheel E is driven by a 2 h.p. 
electric motor. 


the initial (absolute) pressure. The system is connected to a vacuum pump 
and nitrogen source as shown. Since the tests are made in the presence of 
nitrogen at near-atmospheric pressure, room temperature fluctuations and the 
heating effect of the impacts of the balls cause large pressure changes which 
must be eliminated by compensation. This is achieved by the use of the 
two identical cylinders mounted close together. 

The construction of the cylinders is shown in Fig. 3. The walls are stainless 
steel and the ends hardened tool steel disks. Each cylinder contains 120 steel 
ball bearings 144 in. in diameter. These balls were roughened by shaking for 
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Fic. 2. The manometer system which is connected at C and D with the cylinders shown in 
Fig. 1. Nitrogen is introduced at F, the system being evacuated through G. J and H are the 
differential and absolute manometers, respectively. 





Fic. 3. Sectional view of a cylinder showing pipe-plug A, pipe-coupling B, ball bearing C, 
hardened steel and cap D, rubber gaskets E, outlet to manometers F, and main tube G. 


12 hr. with abrasive powder in a ball mill. The agent used was an aluminum 
oxide abrasive passing a 150 mesh sieve and being retained on 200 mesh. 
As a consequence of this roughening treatment each ball acquires, during the 
first few cycles of shaking in the presence of an explosive, a thin coating of the 
explosive material. Localized explosions occur in the coatings as a result of 
ball-to-ball and ball-to-wall impacts, the coating being maintained by the 
excess of explosive material which is present. 

In testing an explosive a 0.5 gm. sample is placed in one cylinder and 0.5 
gm. of powdered sodium chloride in the other. After addition of the balls, 
the cylinders are capped, secured to the oscillating platform, and connected 
to the manometer. The whole system is then evacuated and filled with nitrogen 
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to slightly below atmospheric pressure. The platform is set in motion, a rate 
of shaking being chosen which is sufficiently rapid to give a measurable 
reading on the manometer within a reasonable time, e.g., at least 0.1 mm. 
in 10 min. In this case three readings would be made in a 30-min. trial, to 
improve the precision and check constancy of rate of evolution of gas. In the 
reported trials the time of shaking varied from 10 to 30 min. depending on the 
explosive. Three rates of shaking were employed: 120, 160, and 200 cycles 
per minute. For a given rate of shaking the rate of gas evolution becomes 
constant after a minute or two. Since pressure changes in the inert atmosphere 
in the cylinders are cancelled out by the use of two cylinders, the pressure 
difference indicated by manometer J (Fig. 2) is due only to the gaseous 
products of decomposition which are generated. Such pressure differences 
have been corrected to a standard temperature of 25° where necessary, 
although in most cases the correction was small. 

Cleaning of the apparatus is accomplished by disconnecting the pipes from 
the platform and removing the end caps. The pipes are swabbed wih a cloth 
soaked with a suitable solvent (e.g., acetone) and dried in an oven for a few 
minutes. The end caps are treated similarly. The balls, after washing, are 
subjected to a few minutes’ treatment with abrasive in the ball mill. It was 
found convenient to have a supply of extra balls on hand. 


EXPERIMENTAL RESULTS 
A typical differential pressure - time graph for an explosive at two diff- 
erent rates of shaking is shown in Fig. 4. The rate of differential pressure 
increase, d/dt (AP), is seen to have a constant value, and values for a series 
of explosives are given in Table I. Two methods were considered for expressing 
relative sensitiveness from the data. 
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Fic. 4. Typical time-pressure curves for an explosive. For curve A the shaking rate was 
200 cycles/min.; for curve B, 160 cycles/min. 






























Explosive . 
120 160 
cycles/min. 


NENO 





0.138 
EDNA 0.133 
Fivolite 0.256 
Fivonite 0.133 
Picric acid 0.025 
Tetryl 0.031 
RDX 0.071 
PETN 0.105 1.32 
TNT 0.020 
RDX/TNT 0.036 
RDX/TNT 0.025 
DINA 0.117 
NOG 0.745 
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cycles/min. 





TABLE I 


Rate of differential pressure 
increase, d/dt (AP), mm./min. 
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RATES OF DIFFERENTIAL PRESSURE INCREASE OF TYPICAL EXPLOSIVES 


Chemical nature of explosive 


cycles/min. 


0.520 
0.225 
2.38 


0.565 
0.038 
0.175 
0.189 
2.13 

0.046 
0.074 
0.069 
0.403 


Di (nitroxyethyl) dinitro-oxamide 

Ethylenedinitramine 

Tetra (nitroxymethyl) 
pentane 

Tetra (nitroxymethyl) cyclopentanone 

Trinitrophenol 

Methylpicrylnitramine 

Cyclotrimethylene-trinitramine 

Pentaerythritol tetranitrate 

Trinitrotoluene 

RDX 60%: TNT 40% 

RDX 55%: TNT 45% 

Di (nitroxyethyl) nitramine 

Nitrosoguanidine 


nitroxycyclo- 


Method I.—WValues of d/dt (AP) were compared at a constant rate of shaking. 
Figures of sensitiveness obtained in this way are given in Table II, the values 
being expressed in terms of that of RDX*‘. In Table II the explosives are 
listed in order of increasing sensitiveness (i.e., of increasing values of d/dt 
(AP)) based on the 160 cycles/min. shaking rate. It is seen that for the 200 


TABLE II 


SENSITIVENESS OF EXPLOSIVES REFERRED TO RDX As 
STANDARD* 


METHOp I 



















Explosive 


TNT 

Picric acid 
RDX/TNT (55/45) 
Tetryl 

RDX/TNT (60/40) 
RDX 

DINA 

EDNA 

Fivonite 

NENO 

Fivolite 

PETN 

NOG 


of fall of the weight. 





160 cycles/min. 


0.28 
0.35 
0.35 
0.44 
0.51 
1.00 
1.65 
1.87 
1.87 
1.94 
3.61 
18.6 


d/dt (AP) explosive/d/dt (AP) RDX* 


200 cycles/min. 


0.24 
0.20 
0.37 
0.93 
0.39 
1.00 
2.14 
1.19 
2.99 
2.75 
12.6 
10.7 


7.12 (PETN = 1) at 120cycles/min. 


*The figures of sensitiveness listed here, based on relative rate of evolution of gas, are not directly 
comparable with those derived from falling-weight tests. The latter usually represent ratios of heights 


*Such direct comparisons without volume correction for each explosive are justified only because 
the common explosives all give the same volume (800-1000 cc./gm.) of gases upon explosion. 
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cycles/min. rate there would be minor changes in the order. This situation 
arises with falling-weight machines when two different explosives are com- 
pared at two different percentage heights, owing to differences in the sigmoid 
curves (3, 9) for the explosives. 

Method II.—Rates of shaking necessary to give a specified rate of gas 
evolution are compared. This method has the advantage of being more in 
line with those employed with falling-weight machines since it corresponds to 
comparing heights of fall for a specified percentage of explosions. Figures of 
sensitiveness of a few explosives, obtained by this method, are given in Table 
III. From linear plots.of d/dt (AP) vs. rate of shaking values for the explosives 
in question the rates corresponding to an arbitrarily chosen value for d/dt 
(AP) of 0.2 mm./min. were obtained. A pressure difference of 0.2 mm./min. 


t 


represents the explosion of 0.1 to 0.2% of the 0.5 gm. charge. 


DISCUSSION OF RESULTS 


It may be seen from an examination of Table III that the relative sen- 
sitiveness values of a series of five explosives obtained by method II are in 
the same order as that given by method I. 


TABLE III 


SENSITIVENESS OF EXPLOSIVES REFERRED TO RDX as 
STANDARD 


METHObp II 





Rate of shaking 





(cycles/min.) for Figure of 

Explosive d/dt (AP) = 0.2 sensitiveness 

mm./min. (RDX = 1) 
NOG 98 2.1 
PETN 126 1.7 
NENO 165 1.2 
DINA 171 1.2 
RDX 204 1.0 


Unfortunately the data recorded here were obtained with the idea of 
applying method | only, and are not suitable for the compilation of a complete 
set of sensitiveness values by method II. 

In the first two columns of Table IV a series of explosives are listed in 
order of increasing sensitiveness, as derived by method I at shaking rates of 
160 and 200 cycles/min., respectively. In the next four columns are listed 
similar series as derived by means of tests on four conventional falling-weight 
machines. Of the series of explosives listed for each machine four well-known 
explosives, TNT, tetryl, RDX, and PETN, are underlined. The order of 
increasing sensitiveness for these materials is the same in each column of the 
table (except that in two cases adjacent members are indicated as equal in 
sensitiveness) and moreover this order is in agreement with that expected as a 
result of practical experience in the handling of these materials. The position 
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of the remaining explosives on the scale of sensitiveness varies from one 
machine to the next, possibly reflecting, among other things, a greater degree 
of dependence on the physical conditions of the test. The inclusion of these 
materials in the table may serve to give some idea of the difficulties associated 
with the determination of impact sensitiveness values. However, experience 
suggests that in the first two columns of Table IV the positions of picric acid, 
the two RDX/TNT mixtures, DINA, and NENO are in reasonable relation 
to those of the underlined group. The authors are less well acquainted with the 
remaining materials. 


TABLE IV 


RELATIVE IMPACT SENSITIVENESS OF EXPLOSIVES*; COMPARATIVE TABLE 





























New machine New machine Falling-weight machines 
160 cycles/min. 200 cycles/min. ——————————_ 
rate rate Machine Machine Machine Machine 
(1) (2) (3) (4) 

TNT Picric acid TNT TNT TNT TNT 

Picric acid TAT Fivonite’ EDNA Tetryl Picric acid 

RDX/TNT RDX/TNT 

55/45 55/45 | 

Tetryl RDX/TNT Tetryl | DINA RDX |RDX/TNT 
60/40 | ; | 60/40 

RDX/TNT _ Tetryl \DINA NENO NENO EDNA 

60/40 

RDX RDX Fivolite Picric acid PETN Tetryl 

DINA EDNA RDX an NENO 

EDNA DINA NENO RDX DINA 

Fivonite NENO RDX/TNT RDX 

60/40 caaneieia 

NENO Fivonite PETN PETN PETN 

Fivolite PETN 

PETN Fivolite 





*The explosives are listed in order of increasing sensitiveness from top to bottom of each column, 
except for members of bracketed groups, which are equal in sensitiveness. 

Falling-weight machines: (1) Formerly located in the University of Toronto, Department of 
Chemistry. Sensitiveness values were obtained by the authors and others. 

(2) Located at Ottawa, Ontario, and operated by Department of 
Mines personnel. 

(3) Located at Beloeil, Quebec, and operated by Canadian Industries 
Limited personnel. 

(4) The values in this column were supplied by a referee in his 
criticism of the paper. Although the actual machine is not known the conditions of test are un- 
doubtedly comparable for all explosives listed for that machine. This is true for machines (1), 
(2), and (3). However, conditions of test (size of weight, area of striking surface, etc.) vary from 
one machine to the next. 


In replicated trials with several of the explosives tested, the values of 
d/dt (AP) showed a maximum deviation of +25%. Applied in terms of method 
| to the determination of relative sensitiveness of these explosives this means 
that for a single trial on each of the common explosives, RDX, TNT, tetryl, 
picric acid, DINA, and PETN, there could be inversions in the indicated 
relative sensitiveness of the three similar explosives, TNT, picric acid, and 
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tetryl. However, the indicated sensitiveness of this group would always be 
less than that of the remaining three materials, and the sensitiveness of these 
would always be in the order PETN > DINA> RDX. This degree of precision, 
attained by making trials at only one rate of shaking for each explosive 
tested, compares very favorably with results obtained from falling-weight 
machines in which each explosive is subjected to something of the order of 
twenty trials. However, by means of the present machine, an explosive may 
be tested at two rates of shaking in only a few minutes more than the time 
required for testing at one shaking rate. The information thus gained adds 
considerably to the knowledge of the explosive (6, 7). Thus, if TNT, picric 
acid, and tetryl are each tested only once but at two rates of shaking, and the 
values of d/dt (AP) are plotted as in method II, the pronounced similarity of 
the sensitiveness of TNT and picric acid as well as the relatively higher 
sensitiveness of tetryl are apparent. 


CONCLUSIONS 


A machine of design radically different from that heretofore employed in 
determining the impact sensitiveness of explosives is described. The values of 
relative sensitiveness of such well-known explosives as TNT, RDX, tetryl, 
and PETN, as determined by means of this machine, are in agreement with 
those derived by numerous tests with conventional machines and corroborated 
by practical experience. Values for some less well-known explosives are also 
given. For an equivalent expenditure of time and effort this machine will 
provide values of sensitiveness of explosives with greater precision than will 
the usual falling-weight machines. 
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